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1. Background 
 
The future development of more renewable energy in Norway will probably mainly consist 
of small hydropower and wind power plants. This development is now mainly driven by the 
introduction of Green Certificates, which will secure funding also of projects that today are 
not economically feasible. Till 2020 it is planned that about 13 TWh of new capacity will be 
developed in Norway, and similar amounts in Sweden.  
Also in the rest of Europe one can see a rapid development of new renewable energy, mainly 
as wind and also some solar power. Much of the wind power development will be located 
close to Norway, in the North Sea. The driver for this development, as in Norway, is the EU 
20/20/20 plan where 20% of energy consumption in Europe should be supplied from 
renewable sources before 2020.  
The rapid development of wind power, solar power and small hydro will put increasing 
pressure on the grid, since all of these lack storage capacity, the electrical energy production 
will be determined by the climatic conditions, not by the demand. It will therefore lead to 
the need for more balancing power sources, which can fill in when demand exceeds the 
production, for example during calm periods, and preferably also utilize some of the excess 
production during periods of strong wind. 
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One of the most promising technologies for such power balancing is pumped storage 
hydropower (PSH). There is now a rapidly growing development of pumped storage 
hydropower in Europe, and a growing interest also in Norway. The term “Green Battery” has 
been introduced, where Norwegian hydropower reservoirs can be “charged” by surplus wind 
power and emptied again in order to fill in load during calm periods. 
The county administration in the Trøndelag region (Nord-Trøndelag and Sør-Trøndelag) has 
started a project with the aim of investigating the total potential for unused renewable 
energy in the two counties, including hydro and wind. In this context it is also of interest to 
identify possible sites for pumped storage hydropower in the region, both for balancing 
locally generated non-regulated power plants, and possibly to join in the balancing of wind 
power in the North Sea.  
This is the background for this thesis, which should start by a screening process in order to 
identify possible sites, then proceed to ranking the sites based on economic and 
environmental criteria. Finally, one or a few projects should be selected for more detailed 
investigations and planning, up to the level of a feasibility analysis. Only sites with existing 
hydropower reservoirs and existing power plant(s) should be included in the analysis, and it 
is assumed that the new power plant and tunnel systems may be built in parallel with the 
existing power plant. An important part of the feasibility analysis is to study how the new 
plant may be integrated with the existing plant, and how this could affect the operation and 
possibly also the uprating and refurbishment of the existing plant (if relevant). 
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2. Main questions for the thesis 
 
The thesis should cover the following main topics: 
  
 A screening process for both counties to identify possible PSH-sites  
 A ranking process to find the most promising sites 
 A detailed study of one (or a few) projects at feasibility level 
 
The following topics should be included in the report: 
 
 A review of international PSH technology, describing and discussing the state-of-art 
 An overview of existing hydropower plants and reservoirs in the region 
 Collecting important technical and hydrological data for all 
 Develop a method for ranking of the projects 
 Perform the ranking and select up to three best projects for further analysis 
 Study and select a scenario for balancing need  
 Prepare a model for the operation of the two reservoirs and for analysis of the impacts 
on water level fluctuations in the reservoirs (use existing model) 
 Prepare a feasibility analysis for the selected case(s) – including technical, economic 
and environmental conditions 
 Discuss how the new PSH can be integrated with existing hydropower plant, and what 
effect the new plant will have on operation and efficiency in the existing plant 
 Summary and recommendations 
 Reporting and presentation 
 
3. Supervision 
 
Supervisor:  Professor Ånund Killingtveit 
Co-supervisor: Professor Leif Lia 
 
This specification for the thesis should be reviewed after about 6 weeks, and not later than 
1/3. If needed, the text could then be modified, based on proposal from the candidate and 
discussions with the supervisor. 
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4. Report format  
 
Professional structuring of the report is important. Assume professional senior engineers as 
the main 
target group. The report shall include a summary, offering the reader the background, the 
objective of the study and the main results. The thesis report shall be in format A4, using 
NTNU’s standard front and cover page for Thesis work. Figures, tables, etc shall be of good 
report quality. Table of contents, list of figures, list of tables, list of references and other 
relevant references shall be included.  The complete manuscript should be compiled into a 
PDF file and submitted electronically to DAIM for registration, printing and archiving. Three 
hard copies, in addition to the students own copies, should be printed out and submitted. 
The entire thesis may be published on the Internet as full text publishing. All documents and 
data shall be written on a CD thereby producing a complete electronic documentation of the 
results from the project. This must be so complete that all computations can be 
reconstructed from the CD.  
 
Finally, the candidate is requested to include a signed statement that the work presented is 
his own and that all significant outside input has been identified. 
 
The thesis shall be submitted no later than Tuesday 11 June, 2012 
 
Department of Hydraulic and Environmental Engineering, NTNU 
 
Ånund Killingtveit 
Professor  
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Abstract 
 
 
In June 2012, Germany has been able to supply half of its own electric demand from solar 
energy. This is one of the promising examples for which renewable energy is taking a larger 
part in the total demand. But with the increase of solar or wind power on the market, there 
is more pressure on the stability of the grid and there is a need to balance the surplus of 
these new sources of energy. One of the most promising technologies for such power 
balancing is pumped storage hydropower (PSH). There is now a rapidly growing 
development of pumped storage hydropower in Europe, and a growing interest also in 
Norway due to the large hydro capacities. The term “Green Battery” has been introduced, 
where Norwegian hydropower reservoirs can be “charged” by surplus wind power and 
emptied in order to fill in load during calm periods. The background of this thesis starts by a 
screening process to identify the possible sites in Nord and Sør-Trøndelag. It is followed by a 
ranking of the sites based on economic and environmental criteria. 31 Sites have been 
identified gathering a capacity of 15,000 MW for an average construction cost of 3.1 million 
NOK per MW installed. The main environmental criterion is the water level variation in the 
reservoirs, limited to 13 cm/h in this study. This first part of this thesis is followed by a pre-
feasibility study for the refurbishment of two existing power plants: Bogna and Slind. They 
are suitable for the installation of pumped storage hydropower technology. They can supply 
during 4.5 days, 1,100MW and 430 MW (respectively). These capacities are the result of a 
cost optimization which was realized to select the optimum size of the two pumped storage 
hydro power plants. 
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2 Introduction 
The technology of pumped storage hydro power plant has now been existing for many years. 
It has benefited from important project development in China, USA or Austria. The PSH 
technic is so far used to balance the surplus of energy from nuclear plants during night and 
to ensure the stability of the grid. The demand is indeed lower by night, but the based load 
mean of production cannot react and follow the curve of demand instantly. Therefore, when 
the electricity production is too high and all the fast response means of production have 
been switched off, it is necessary to consume the excess of electricity. The PSH power plants 
use a reversible process compare to the regular hydro power plant. They pump a volume of 
water stored in a downstream reservoir into an upstream reservoir. Therefore they consume 
the surplus of electricity on the grid and transform it into potential energy (the water stored 
in altitude).  
The technology has some restrictions. The turbines have to work at full load for pumping 
mode. In the recent development, presented in the thesis, some of the new PSH power plant 
can adapt to the varying surplus of energy. But this technology requires higher cost of 
investment. An air cushion surge chamber or surface surge tank may be required upstream 
and downstream the turbines.  
The major developments of renewable energy in Europe increase the pressure on means of 
production that can ensure the stability of the grid. It means that there is a need of power 
plants that can balance very fast the vagary of the weather and the demand. In the same 
way as PSH power plant, some alternative “battery” technologies exist: chemical battery by 
production of hydrogen by electrolysis, or compression of air in caverns.  
As it has been presented in the background, Norway is going to play an important role in the 
development of the European grid. A couple of tremendous wind farms are going to be 
developed offshore in Norwegian and North Sea and onshore in Germany. Many vast 
reservoirs of Norway will be equipped and connected between them to set up the PSH 
technology.  
2.1 Objectives of the study 
The thesis aims at studying the potential of pumped storage hydro power capacities in 
Trøndelag County (Nord and Sør) under the impulsion of Ånund Killingtveit, supervisor of 
this thesis and Per Erik Søras, Senior advisor. The main objectives are listed below: 
- The identification of the potential sites, including natural lakes (outside of protected natural 
zones); 
- The cost estimation of the screened projects; 
- The ranking of projects studied; 
- The pre-feasibility study of two selected projects. 
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The study includes the main technical requirements for the development of PSH, the 
hypothesis done and the environment concerns.  
 
Figure 1: Map of Norway and Trøndelag County 
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3 State of art 
3.1 Existing PSH in Norway 
 
Tevla1 power plant is a Hydro power plant in Trondheim in Meråker municipality in Nord-
Trøndelag . 
The plant obtains water from three streams in the inlet side of the mountain of Tevladalen 
as well as from regulation reservoir Fjergen. The reservoir is regulated between 514 and 498 
meters above sea level. In the tunnel from Fjergen to the power station is also collected the 
water from the river Litlåa. The head is 165 meters. 
The plant has an installed capacity of 50 MW, and a mean annual production of 98 GWh. The 
power plant is a pumped storage plant and pumps water back into the reservoir for later 
use. 
Production started in 1994. 
The plant made the experiments with counter-rotating turbine in cooperation with NTNU 
Hydraulic Laboratory and SINTEF. This turbine is installed on a minimum flow of water in the 
plant. 
The power plant is owned and operated by Nord-Trøndelag Electricity Works. 
 
 
Figure 2: View from the reservoir of Tevla 
 
                                                     
1 Wikipedia.no 
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3.2 Most recent development with pumped turbine 
 
Pump turbines have been developed for several years now. They are used to run in a turbine 
mode during day and pumping mode by night. The technology has been developed to 
reduce the change in regime on thermic and nuclear power plants. They are now designed to 
ensure the stability of the grid. It is the case for the pumped storage power plant of 
Kopswerk II, which is considered as the state of art for pump turbine. 
3.2.1 Kops II 
 
Austria utility Vorarlberger Illwerke AG inaugurated its 450 MW Kopswerk 2 pumped-
storage project May 15, 2009, on the Ill River. 
 
Kopswerk 2 took four years to construct and has supplied power to the grid since the end of 
2008. The new project is expected to generate about 614 GWh annually. 
 
Illwerke developed the 400 M€ (US$545 million) project jointly with German utility EnBW 
AG. 
 
Kopswerk 2 is highly flexible. Units can operate in stand-by mode, in which the turbine and 
pump operate on the network simultaneously. In this mode, operation can be changed to 
either turbine or pump quickly. 
 
The plant’s three units consist of a Pelton turbine, a motor-generator, a starting converter, 
and a storage pump. Kopswerk 2 features separate machine sets with separate pumps and 
turbines rather than reversible pump-turbines.2 
 
 
Kops II power plant is able to shift from a pump mode to turbine (and vice versa) in less than 
one minute. A regular pump turbine unit is usually a Francis turbine that can be run in both 
ways. 
In turbine mode, the unit runs at its design rotation speed but with different discharges. The 
discharge is modulated by the upstream valves and the flow is directed to the blade via 
guide vanes. The variation on the discharge induces a difference of production capacity and 
permits to follow the demand. In the pump mode, due to the design of the tailrace tunnel 
that is supplying the pump turbine in water, it can only run at the designed discharge. It 
                                                     
2
 http://www.hydroworld.com/index/display/article-
display/0159389604/articles/hrhrw/hydroindustrynews/pumpedstoragehydro/austria_s-450-
mw_kopswerk.html 
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means that it is necessary for the grid to have an extra capacity of designed pump turbine. 
The duration of the shift for pumped turbine is of about 4-5 min in this case. 
 
The specificity of the Kops II power plant is that it can follow the grid supply in pump mode. 
As one can see on the scheme below, each of the 3 units of the power plant is doted of a 
Pelton turbine and a Francis Turbine. The Pelton turbine can run at different discharges 
whereas the Francis will run at full capacity. But due to the connection between the two 
upstream tunnels of the two turbines, a part of the amount of water pumped by the Francis 
turbine can be reintroduced in the Pelton turbine. In this way, if the extra electricity on the 
grid is about 100MW, the Francis turbine will consume 150MW when the Pelton turbine 
produces at the same time 50 MW. 
 
 
Figure 3: Scheme of Kops II power plant 
 
In the screening process and in the selected projects for prefeasibility study, it is assessed 
that a regular pump turbine with a Francis turbine will be set up. Indeed, the aims of the 
pumped storage power plant in Norway will be to balance the variations induced by wind 
power. It is known that wind fluctuations can be considered with a dozen of minutes 
intervals, verily in hourly intervals. Therefore a Francis pump turbine is satisfying to handle 
shift mode in 4-5 minutes. 
This Following part is mainly based on the knowledge delivered by the class of TVM 5125 
hydraulic design at NTNU and by the book 12 Mechanical Equipment, Hydropower 
development series. 
The Potential for Pumped Storage Hydropower Development in Mid-Norway 
June 2012 
 
Bruno Capon  
Page 
18 
Thesis, M.Sc. Hydropower 
development, NTNU (2010-2012) 
  
4 Introduction to main technical requirements 
 
The following paragraph shows a description of the main design requirements for the 
construction of pumped storage hydro power plant. They have been defined for the 
screening of all the projects in the first phase and for the deeper study of the selected 
project. 
 
4.1 Tunnel 
 
Tunneling is the solution that has been chosen for all of the several projects. In Norway, it 
likely benefits from a favorable geology (good quality of the rock mass) and from a very 
advanced level of the knowledge. The technic of tunneling has been in constant 
development since the middle of the 20th century. In Norway, the hydropower tunnel system 
represents about 4000 km. There are several advantages in the use of a tunnel, like limited 
impact on the surface, degree of liberty concerning design and future extension, cost 
effectiveness, Environment concern (visual, noise and protection of natural habitat) or 
safety3. 
 
                                                     
3 Introduction class TGB5110 spring 2011 
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Figure 4: Hydro power Construction history in Norway 
 
There are two main technics for the construction of a tunnel: drill and blast and tunnel 
boring machine. 
4.1.1 The drill and blast method 
 
The drill and blast method requires very skilled knowledge and a precise logistic. It holds 
several advantages: it is flexible with the design of the required tunnel, it is adaptable to the 
different types of geology, and the machines (jumbos and truck) required for the excavation 
are easily transportable. The following drawing4 sums up the process of construction. 
 
                                                     
4 Drill and blast class TGB5110 spring 2011 
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Figure 5: Drill and blast cycle process 
 
This process follows a round cycle composed of drilling, charging, firing, ventilation, scaling 
and rock support, loading and transport, scaling and rock support, surveying5. Each blast digs 
within between 5 and 10 meters of rock, regarding the rock quality. The advanced rate is 70-
100 m per week. It is strongly influenced by the rock quality and the level of competence of 
the manpower.  
During the screening process, an economic analysis given by NVE cost curves6 gave an 
average price of the construction of the tunnel. Most of the time, this technic is cheaper for 
small cross section and short tunnel. 
 
Total price [NOK/m] = 219.9 * A + 13658   
 A [m2] is the cross section 
 
 
During the Prefeasibility study, a more precise report could be used. It is the result of a 
doctoral thesis delivered by Shokrollah Zare at NTNU in 2007. Using this book gives very 
precise result for the weekly advanced rate, the cost estimation and the rock support 
requirement. 
Doctoral Thesis of Shokrollah Zare, 2005. 
 
Prediction Model and Simulation Tool for Time and Cost of Drill and Blast Tunnelling  
- Project report 2A-05  
DRILL AND BLAST TUNNELLING Blast Design  
                                                     
5
 Process part of the webpage http://www.ritchiewiki.com/wiki/index.php/Drill-and-blast_Method 
6
 COST BASE FOR LARGE HYDROPOWER PLANTS_PRICE LEVEL 1 JANUARY 2010 chapter. B4 Blast Tunnel. 
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- Project report 2B-05  
DRILL AND BLAST TUNNELLING Advance Rate  
- Project report 2C-05  
DRILL AND BLAST TUNNELLING Costs 
 
4.1.2 Tunnel boring machine (TBM) 
 
The tunnel boring machine is an important circular device and which has benefited from 
many developments over the last few years. It is one of the most used technics for very long 
tunnels with a large cross section. It has several advantages compared to drill and blast 
design: it reduces the number of adits and working faces and it allows the cross section for 
water tunnel to be reduced. Indeed, a tunnel with TBM technic is smoother and reduces the 
head loss. 
 
Manning’s Equation is used for the calculation of head loss in Tunnel.  
Head loss (m)  
 
   
    
       
 
 
 V [m/s] : velocity 
 L [m] length of tunnel  
 M [m4/3 /s] manning constant  
 R [m] Hydraulic radius = 0.265 *A1/2 
 A [m2]Cross section  
 
Therefore, due to the reduction of head loss, a rule of thumbs is that the cross section of a 
TBM tunnel can be reduced of 40% compared to drill and blast.7 
 
In addition the rock support is often reduced due to the smaller cross section and the 
circular design that distributes the strength. A higher advance rate is a good quality 
encountered.  
The flexibility is reduced due to the size of the machine i.e. the bending radius is large. It 
might be problematic when an unstable geological zone to avoid is met during the boring 
phase. Moreover, the large machine probably needs to be shipped and assembled on site. 
The design of existing road is crucial for the machine to reach the working faces.  
 
                                                     
7 COST BASE FOR LARGE HYDROPOWER PLANTS_PRICE LEVEL 1 JANUARY 2010 chapter. D.6 TBM  
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In the pre-feasibility study, the tunnel cross section for the project is limited to 15.2 meter. It 
indeed is the largest project from the TBM manufacturer, Herrenknecht. This assumption 
could be changed for a thorough feasibility study regarding geology and road access. 
 
 
Figure 6: TBM type, Herrenknecht AS 
 
As for the drill and blast method, the NVE cost curves for 2005 have been used for the 
screening phases. Some correction factor are introduced 
10 % of inflation 
10 % of miscellaneous 
Correction factor linked to the length of the tunnel. 
 
Basic price [NOK/m] = (0,1827*D²+0,131*D+5,62)*1000 
 D [m] is the diameter of the tunnel. 
 
Total price [NOK]= Basic price*Length*(1+inflation+miscellaneous)*Corrfactor 
A doctoral thesis has been written by Amund Bruland in 1998 with detailed advanced rate, 
cost, and rock support requirement. 
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4.2 Turbine and generators 
 
4.2.1 The turbine design and the turbine equation 
Head and discharge will really give a rough design  
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Figure 7: Low head and high head Francis Runner Rainpower 
On the upper part of this picture, we can see a low head Francis turbine. The runner is very 
high. At equal power, a turbine with a lower head requires a larger discharge: the size of the 
runner is indeed increased to let flow more water through the turbine. Due to this larger 
size, the mass of steel is more important.  
The turbine equation is       where τ is the torque and ω the speed of rotation. 
  
   
  
   ;            
                                 is the moment of inertia; it is related to the mass and 
size of the turbine. It is considered as a constant on the turbine (very few variations in mass 
and volume of the steel). Therefore, for a large turbine, I is big and the rotational speed ω is 
smaller. 
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This case of large turbine makes the turbine much more costly due to the mass of steel, the 
transport and the technic for the construction. 
A dimensionless number, the speed number    
    
          
 characterizes the 
hydraulic turbine design. It should be between 0.19 and 1.5 for a Francis turbine. 
A Francis turbine dominates the head range between 60 and 500m but it can be used for 
even higher heads. For larger heads and up to 750m, Francis and Pelton turbines overlap 
each other. The choice of the turbine is determined with the investment, the operation and 
the maintenance costs. 
4.2.1.1 Efficiency and operation8 
For a Francis turbine, the lower head turbine has better efficiency. Due to the lower rotation 
speed, the friction coefficients are reduced. A common Francis turbine of a 300m head has 
an efficiency of 95% at the optimum point. 
For a pump turbine, the efficiency for an equivalent head is almost independent of the 
turbine or pumping mode. For a head of 300m the efficiency is 92%-93%. 
A pump turbine can work in the following range:         
 
       
     . Under or 
above these limits some problems of risk of cavitation and instability appear. Indeed, at very 
low flow, some large air bubbles might appear and be very destructive with a back effect of 
the air in the turbine. 
4.2.1.2 Design and size of turbine and generator. 
The Francis turbines are mainly designed and manufactured by 3 companies: Voith, Alstom 
and Rainpower. They satisfied a long work experience and a precise design. All the details of 
the size of a Francis turbine are introduced in the appendix B.  A pump turbine differs a little 
in size. The diameter D1 is larger and the number of blades reduced. The main requirement 
for the location is to settle the pump turbine at a lower level: the risk of cavitation is more 
important with a pump turbine. 
For the construction of a surge tank or surge chamber, we need to know how long it takes to 
accelerate the generator from zero to normal speed with full load. It is noted Ta. A rule of 
thumbs wants that         . Ta is governed by the inertia of rotating mass and by the 
nominal power output of the unit.  
       
  
      
  
 
                                                     
8
 Rainpower, Hydrolab, Henning Lysaker. Interview realized the 16th of May 2012 
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    [rad/s] is the nominal angular velocity 
 Itot [kg.m
2] the total inertia of rotating mass 
 Pn [W] the nominal power per unit 
The inertia of the turbine can be defined as the inertia of a full truncated cone. 
         
 
  
      
 
  
     
    
       
    
       
    
   
 Φ is the volume mass of the steel, about 8000kg/m3 
 D1, D2 and B1 [m] are the characteristic dimensions of the turbine as presented on 
the scheme below. 
 
Figure 8: Scheme of specific size of a Francis turbine 
The Inertia of the rotating shaft linking the generator and the turbine is defined as 
       
 
 
      
           
 R [m] the radius of the shaft  
 H [m] the height of the shaft 
The most important part of the inertia is governed by the generator. Two types of generator 
are currently installed:  an air cooled and a water cooled generator. Using water gives a 
better efficiency to cool the generator. Therefore, the electric components can be 
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concentrated so that the size and weight are reduced, and consequently the inertia of the 
generator. 
The size of the generator is strongly dependent on the power and the angular velocity 
(correlated with the number of poles) 
Here is an example of an existing generator9 
Rating generator 
motor 
Terminal voltage 
Power factor 
Frequency 
Synchronous speed 
Maximum overspeed 
Inertia GD2 
Stator: Core length 
Core inside diameter 
Core outside diameter 
Number of slots 
Airgap (minimum) 
Total mass 
Rotor: Number of poles 
Mass of each pole 
Type of rim 
Total mass 
330 MVA 
312 MVA 
18000 
0.95 
50 Hz 
500 rev/min 
763 rev/min 
3690 TM2 
3600 mm 
4600 mm 
6200 mm 
135 
28.2 mm 
357 tonnes 
12 
8 tonnes 
laminated, frictional, floating 
434 tonnes 
 
The calculation of 300MW turbine gives an inertia of about 105 kg.m2, when a generator has 
an inertia of 106 kg.m2. Therefore Ta will be more dependent on generator size. 
4.2.1.3 Spiral case 
The spiral case brings the water flow till the turbine. For a 300m head turbine, the diameter 
of the spiral case                   .  
4.2.1.4 Valves and doors. 
For a pump turbine, a butterfly or spherical valve is located upstream of the turbine. The 
draft tube is only equipped of a steel doors to empty it and ensure the maintenance. But this 
door has no role of “water breaks”. 
                                                     
9 Hydro-electric machines E.N. Foster, B.Sc, C.Eng., F.I.Mech.E., F.I.E.E. and F.J. Parker, B.Sc, C.Eng. 
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4.3 The underground power house 
4.3.1 General Design 
Consequently to the use of tunnel to supply in water the turbine, an underground power 
house is often used. The question of choosing whether the power house should be above or 
underground requires the study of different parameters. An underground power house is 
not necessarily more costly. In many cases, investment cost, risk, operation and 
maintenance have to be considered10. But in the case of pumped storage power plant, the 
choice is obvious. An underground power plant is required due to the turbine mode of the 
installation. Indeed, the turbine level has to be placed under the LRWL11 in order to bring the 
water to the system by gravity. This design is very challenging for the maintenance operation 
when the power plant is delivered. The flooding of the power house is a risk to take in 
consideration when the turbine or the water ways are opened for inspection. Some such 
cases have already occurred.12 
The size of the cavern depends on the head, the discharge, the electric capacity and the 
number or units. As we can see in the previous chapter about the turbine, for the same 
electric capacity (in MW) a higher head will require a smaller unit and consequently, less 
rock to excavate.  
The technic used for excavating is the drill and blast method. In the construction of the 
cavern, it requires a lot of flexibility in the design regarding the geological conditions. A 
cavern is first excavated by the roof. Then the crane is set up, in order to transport the rock 
which is excavated downward and to facilitate the work with concrete and installation of 
mechanical equipment.   
                                                     
10
 Hydropower development book 14 Undeground powerhouse and high pressure tunnel chapt 1.2 
11
 Lowest regulated water level 
12
 Interview of a technician during a visit of Tevla 
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Figure 9: Construction phase of an underground power house 
The NVE cost curve has been used during the screening process to determine the cost of the 
power house. 
Blasting volume [m3]                      
    
Price [kr/m3] 230 
Concrete Volume [m3] 0.2* Blasting Volume 
Price [kr/m3] 2500 
Reinforcement [kg] 0.06* Concrete Volume 
Price [kr/ton] 16000  
Formwork [m²] 2.1 m² * concrete volume 
Price [kr/m²] 1000 
Support work [kr] 15% of blasting cost  
Masonry and plastering work 
[kr] 
5 % of (blasting + concreting) cost 
Interior work [kr] 15 % of blasting and concreting 
Unforeseen [kr] 10 % of the total of all the previous cost 
Rigging and operation on site 
[kr] 
25/30 % of the total of all the previous 
cost 
Ventilation, water, sewer [kr] 2.6 M  
Electric installation [kr] 1.1/2.5 M  
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In the prefeasibility study, the number of units is set up to two or more units, when we only 
chose one unit in the screening study. Much more generic details about the construction of 
underground power house can be found in the Book 14 Underground powerhouse and high 
pressure Tunnel of the Series Hydropower development. 
4.3.2 Access and water way to the power house 
The access road to the power house is of utmost importance. It permits the transport of the 
excavated rock and the routing of the mechanical and electrical equipment that is put in 
place. Later, when the main construction is over, it will allow access for maintenance and 
operation of the power plant. Therefore this equipment is what designs the size of the 
access tunnel. Another tunnel is often required for evacuation in case of explosion. It is 
usually designed more vertically and with an access by stairs. This tunnel is used as well for 
the transport of electric cables. 
                  ⁄                       
This equation gives a rough estimation of the price of the tunnel, but it can only be used for 
further study, when the size of the turbine can give the area and the topography the length 
of the tunnel. 
The water ways upstream and downstream of the power house are steel lining. The size of 
the upstream water way decreases in a conic way whereas the velocity increases. Branches 
in the water ways divide the flow in two or several parts to supply the different units. Due to 
the pump mode, the same scheme will be designed to bring the water from the tail race 
tunnel to the different units. 
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Figure 10: Branches, examples of outside reinforcement 
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4.4 Surge tank and unlined air cushion chamber 
4.4.1 General design 
A major part of the screening process projects include long tunnels (5-40km) with an 
important mass of water flowing through (several hundreds of cubic meter per second). A 
power plant needs to regulate its discharge and even to start or stop completely the 
discharge several times a day. This regulation occurs in order to supply the sustainability of 
the grid. The quite fast changes in the discharge induce hammer effect and fluctuations in 
the tunnel. These oscillations modify the velocity along the tunnel or the penstock and can 
cause rock burst and weaken the structure of the power house.  
Surge tanks or air cushion chambers are designed close to the power house to reduce this 
water hammer surge. They can absorb the energy through a pressure shaft for the surge 
tank, or through an under pressure air chamber for the second one. 
Air cushion surge chambers represent the most recent development in the layout of 
underground power plant. The biggest advantage is the reduction of the excavation since 
the chamber is built close to the power house and with a reduced volume compared to 
surge tank. Indeed, this is very helpful when the rock cover over the power house is very 
large and the piercing of shaft up to the surface is time and cost consuming. One of the 
major requirements for these chambers is a great geology. It should have a very low 
permittivity, of about a dozen of Nm3/h maximum. Granitic gneiss is a good rock advantage 
for this type of chambers. So far, ten unlined air cushion surge chambers are operating in 
Norway. To ensure the safe location for the surge chamber, rock stress measurement and 
hydraulic jacking tests are standard procedure13. 
Several equations are governing the design and the necessity of the surge shaft. 
In a previous chapter (4.2.1.2), Ta has been defined. It is the time needed to accelerate the 
rotating mass (turbine, shaft, and generator) from zero up to the designed angular velocity. 
We also use another time constant: Tw is the time it takes to accelerate the water in the 
tunnel and the draft tube from zero to the design discharge (Q0) under influence of the head 
(H0). 
       
  
    
 ∑    
 Q0 [m3/s] is the design (or nominal) discharge in  
 g is the gravity constant equal to 9,81 m/s2 
 H0 is the nominal head in meter 
                                                     
13
 Rock engineering, book 9, hydropower development. 
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 L/A [m/m2]is calculated for the different sections of the tunnel from the intake till the 
location of the surge tank. It is the length/Area in  
Then it is a rule of thumbs14 that Ta/Tw>6. If this condition is verified, there is no need for 
any surge tank or surge chamber. It is important that this calculation is driven for the tunnels 
which are upstream and downstream the turbine. In the case of PSH, the direction of flowing 
water is inverted and a surge tank might be needed. 
Henceforth the design of the surge tank is required.  
               
         
   
    
                        
The choice of a surface surge tank or air cushion surge chamber depends on the topography, 
the geological conditions and the position of the power house compared to the surface. 
4.4.2 Calculation of the time of the tunnel 
4.4.2.1 Case 1 
 
Figure 11: Case 1, surface surge tank 
In the case 1,    
  
    
 (
  
  
 
  
  
) and if the condition Ta/Tw>6 is not validated, A2 can be 
increased. But it doesn’t have a significant impact on the cost because L2 is considered as 
short. 
                                                     
14
 Class of Hydraulic design, TVM5125, NTNU, slide on governing stability. 
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4.4.2.2 Case 2 
 
Figure 12: Case 2, Surface surge tank with long vertical shaft 
In the case 2, the cost of the tunnel till the surge tank might be important. In addition, A2 
was too small and did not verify the condition Ta/Tw>6. Therefore an air cushion surge 
chamber is required. 
4.4.2.3 Case 3 
 
Figure 13: Case 3, Air cushion surge chamber 
The surge chamber will have the same size or a bigger size than the surge tank. The pressure 
is regulated by Bernoulli equation in order to have surface water equilibrium. 
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Where PA [Pa], ZA [m] and VA [m/s] are respectively, the pressure, the altitude and the 
velocity in A; the upstream intake and PB, ZB and VB are the same magnitude in the air 
cushion chamber. The altitude of the air cushion chamber is constraint by the cavitation 
problem at the turbine, and VB is equal to zero. 
Then the height of the surge tank should be defined. It is governed by the following equation 
The down surge         √
 
 
     
      
And the up surge          √
 
 
     
      
 ΔQ [m3/s] is the fluctuation in discharge, and ΔQmax=Q0-0 
 L [m] Headrace tunnel length (from intake up to the surge shaft) 
 A [m2] is the cross section of the Tunnel 
 G is the gravity constant 9,81 m/s2 
 Ast [m2] is the cross section of the surge tank 
 Hf [m] is the head loss from the headrace up till the surge tank. (L2 in the previous 
case) 
 
   
     
    
 
  
 
 V [m/s] velocity in the shaft till the surge tank         
 L2 [m] length of shaft  
 M = manning constant (m4/3/s) from 40 for a blasted shaft until 65 for a drilled shaft 
 R [m] = Hydraulic radius = 0.265 *A² 
 A2 [m
2] Cross section of the shaft till the surge tank 
So the height of the surge tank should be   |      |  |       | in meter.  
4.4.3 Case of the air cushion chamber 
4.4.3.1 Specific design 
The process to design an air cushion chamber is much more intricate. First we consider that 
the compression and relaxation in the air cushion chamber are adiabatic processes. Indeed, 
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we assume that the duration of the compression is much smaller than the duration of the 
thermic exchange with the interface. In this case the Laplace laws can be used:  
         
Where P [atm/Pa/bar] is the pressure inside the air cushion chamber and V [m3] the volume 
of air.         , and its value varies around 1,4 
P < Rock stress of the rock mass 
In order to use the equation of surge tank, an area equivalent is introduced. It is the area 
equivalent to a surge tank working in the same condition as the air cushion chamber.  
 
    
 
 
   
   
  
  
 
 Aac [m2] is the area of the air cushion chamber 
 hp [m] is the pressure at equilibrium inside the air cushion chamber found by the 
Bernoulli equation. 
 V0 [m3] is the volume of air at equilibrium               
 H0 ac [m] is the height of free air at equilibrium 
It is important to precise that Aac and Ho ac are found by trials and errors; 
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 Indeed Aeq and H0 ac have to respect some conditions that are going to be detailed. 
           
Then 
       √
 
 
     
       
The participating water volume [m3] 
           
And the surge [m] in the air cushion chamber 
             
     has to respect some condition for the height of the cavern and for the pressure. 
|    |        
        (
  
      |    |          
)
 
 and Pmax < rock stress of the rock mass. 
When all these conditions are respected, the size of the cavern can be chosen. 
                      |    |       
4.4.3.2 Cost 
The choice between surge tanks of air cushion surge chamber will be made based on 
excavating cost of the shaft: 
                         
                     
Unit price of 360 NOK/m3 is given in NVE cost curve document. 
We can also consider the price on a longer term, and we then also put into account the long 
term running cost to maintain the air cushion chamber under pressure: 
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5 Screening of potential pumped storage hydropower in 
Trøndelag 
 
5.1 Hypothesis 
 
In this part, the main hypothesis for the screening process will be described. 
 
5.1.1 Hydrological data 
In opposition to regular power plant, PSH allows the project to be free from hydrological 
constraints. In first approximation we can consider that for a PSH, the two reservoirs contain 
a certain amount of water which is constant. Indeed, the water that spilled from the upper 
reservoir can be pumped back. Below, the graph of the water level in reservoir shows the 
general fluctuation over a year. The water level is rising in May when the snow starts melting 
and the demand of electricity is reduced. After the summer all the water stored in the snow 
has been drained to the reservoir. The demand of electricity starts to increase because of 
the decrease of temperature: in Norway, the heating of accommodation is based on 
electricity. Any fluctuation of the climate has a strong influence on the electricity 
consumption and the water level in the reservoirs. 
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Figure 14: Evolution of water level in reservoir along the year 
 
 
In the case of PSH, the fluctuation in the reservoirs really depends on the designed discharge 
of the power plant regarding the size of the lake. In the screening process, all the projects 
are studied for fluctuation from 1 cm/h to 13 cm/h of the upper reservoirs. In most cases, 
the upper reservoir is smaller than the lower reservoir. NVE atlas gives a large amount of 
data regarding the volume of the reservoir and the HRWL and LRWL. Some of the designed 
projects included natural lakes. In this case NVE can supply only the area of the lake. 
Therefore, in order to estimate a certain volume, the difference between HRWL and LRWL is 
estimated to 5 m, and the volume is equal to Area* 5 m. 
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Figure 15: method of calculation of the effective area of reservoir 
 
The maximum absorption capacity, which is the designed discharge, is given by the following 
equation: 
     ⁄   
   
   
        
       
With  
 Var in cm/h 
 Aeff in km
2 
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The equation giving the duration in days of emptying the upper reservoir is defined as: 
                               
 Wlevel= level of the upper reservoir in % 
 HRWL-LRWL in m 
 Varday in m/day, the variation in the upper reservoir 
The equation giving the variation in the lower reservoir is defined as: 
                    
       
        
⁄  
 VarLow Res in cm/h. 
 VarUp Res in cm/h. 
 Aeff up is the effective area of the upper reservoir in km
2. 
 Aeff low is the effective area of the lower reservoir in km
2. 
The equation giving the number of days needed to fill the lower reservoir is defined as: 
                
           
               
 
 Wlevel= level of the lower reservoir  in % 
 HRWL-LRWL in m 
 VarLow Res in cm/h. 
 
In the screening, process the influence of the potential existing power plant and the 
in/outflow are neglected. 
5.1.2 Hypothesis environmental impact 
One of the main requirements of this study is the use of an existing reservoir for the 
construction of the new power plant. Indeed, the construction of a new dam is very likely to 
be prohibited and the consecutive flooding of ground as well.  
In the screening part of this study, some natural lakes have been considered to be used as 
reservoirs for the PSH. The idea is that lakes would be pierced by the bottom and the 
construction of dam avoided. Only the underwater topography gives the shape of the new 
reservoir. Then all projects are considered to be underground. Norway benefits from 
favorable rock conditions that help to design underground power house and waterway.  
The aesthetic effects will be limited to the outlet of access tunnel and some pressure shaft, 
in addition to unusual water levels of reservoir or lake at different times of the year. This can 
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be an important issue for lakes like Grannasjøen that gather a lot of Norwegian typical 
cabins.  
Some other non-permanent effect can be expected during the construction phases. Some of 
the projects are located far from large access roads. In these cases, trucks would use some 
earth trails that can generate dust clouds and destabilize the tracks. 
The main impacts will be on the aquatics life and erosions in lakes or reservoirs. The 
successive phases of pumping and generating will induce lot of fluctuation in the lakes. 
Because of the difference of temperature, the thermocline will be changed.  
 
 
Figure 16: Description of Thermocline in Natural lakes 
 
A complete new mix of temperature will occur. This will have a strong effect on aquatic life 
that is used to seasonal and low variations in temperature. 
The second effect of the change of temperature is a possible impact on the ice cover. This 
cover is very helpful to fishes. It protects from air predator attacks and consequently reduces 
the stress on fishes. In addition to changes in temperature, the fluctuation of the water level 
of the lake will fragile the layer of ice, especially on the edges of the lakes.  
Erosion of the bank will occur by fluctuations and the change in water pressure.  A study of 
the soil cover in the bank needs to be carried out for further investigations. In addition, the 
flow driving through the intake and the outlet may change the sediment distribution. That 
might destroy some shelters for fauna.  
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A side effect might be the contamination of the upstream reservoir. Indeed, if the low 
reservoir is supplied by different rivers with some industries or agriculture, the pump mode 
will bring the contaminated water up. This can change oxygen, nitrogen, mineral 
concentrations, and therefore can be fatal to some species. Some daily analysis will likely be 
required to ensure the stability of the lake. 
In conclusion, a very deep environmental impact assessment is required for each of the 
alternatives. 
5.1.3 Hypothesis cost estimate 
For the screening and the prefeasibility study the costs are based on cost curve on large 
hydropower plant, price level 2010 from NVE. All along this economic analysis, only the costs 
are considered. The development of PSH is indeed strongly related to the development of 
wind power and the need to balance the surplus or lack of energy on the grid. So far, the 
construction of a wind market is still at an early stage. Therefore no price can be allocated to 
the buying wind production for the pump mode or selling price. The only assumption on 
price that can be done is that the wind electricity should be much cheaper than the 
hydropower electricity in order to guaranty the profitability of the project. 
The optimization in the prefeasibility study is based on a rank of the construction 
costs/power production in NOK/kW. 
The civil work cost includes the drilling or blasting of the tunnel, the construction of the 
underground power house, the access tunnel, surge tank, surge chamber and lake piercing. 
The electro mechanical cost includes the turbine, generator, transformer, switchgear, 
control system, pump unit, auxiliary system, cable system and miscellaneous equipment. 
The pump turbine cost is not tabled in the NVE document, but when Alstom, Voith or 
Rainpower were contacted, they said that the price of a pump turbine is the same as a 
Francis turbine of the same capacity multiplied by a coefficient of 1,25. 
5.2 Projects presentation 
In this part, the projects have been grouped by geographical area. 
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5.2.1 Area 1, around Tunnsjø 
 
Figure 17: Topographic map of Tunnsjø area 
The area of Tunnsjøen (name of the main reservoir) gathered 9 projects in the screening 
phases. The 9 projects cumulate a capacity of 4017MW for an average cost of 2875 NOK/kW. 
For each of the projects, more costs details can be found in the appendix A 
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Project 
Number
Upstream 
reservoir
Downstream 
reservoir
Length of the 
tunnel [km]
max head 
[m]
EEKV 
[kWh/m3]
capacity at 
10cm/h [MW]
Cost 
[kr/kw]
Project1 Namsvatn Tunnsjøen 19,8 101 0,22 723 3399
Project2 Raentsere Huddingsvatnet 4,53 83 0,18 86 4125
Project3 Raentsere Stor Blasjöen 10,6 118 0,26 122 3453
Project4 Limingen Tunnsjøen 2,83 65 0,14 799 2069
Project5 Limingen Frostviken 5,59 115 0,25 1408 1680
Project6 Havdalsvatnet Tunnsjøen 1,8 104 0,23 161 2546
Project7 Ingelsvatnet Tunnsjøen 4,16 139 0,30 245 2589
Project8
Stortissvatnet  
Litltissvatnet Laksjøen 7,12 109 0,24 163 3386
Project9 Sandsjøen Kvejøen 5,1 95 0,21 311 2634
4017 2875
Natural lake
Regulated 
reservoir  
Table 1: Cost summary of Tunnsjø Area projects 
The projects 3 and 5 are about connecting lakes between Norway and Sweden. The lakes in 
green are regulated reservoir with existing power plants. 
 
Figure 18: Aerial picture of the Tunnsjø projects 
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Project 
related Lake name
HRWL 
[m.a.s.l]
LRWL 
[m.a.s.l]
volume [M 
m3]
Area 
[km2]
Regulated 
reservoir
Country
1 Namsvatn 454 440 458 39,44 yes NO
4-5 Limingen 417,7 409 490 93,27 yes NO
1-4-6-7 Tunnsjø 357,64 352,64 440 100,46 yes NO
6-7 Ingelsvatnet 460 7,13 no NO
6-7 Havdalsvatnet 594 8,08 no NO
3 Stor Blasjön 437 424 527,1 40,5 yes SE
5 Frostviken 313 303 440 66,12 yes SE
9 Kvejøen 320 18,91 no NO
9 Sandsjøen 410 15,01 no NO
2-3 Raentsere 542 4,73 no NO
2 Huddingsvatnet 464 6,63 no NO
8 Stortissvatnet 507 4,59 no NO
8 Litltissvatnet 502 2,28 no NO
8 Laksjøen 398 19,16 no NO  
Table 2: Description of all the lakes of Tunnsjø Area 
This region of Norway is already equipped with several power lines as we can see on the 
map below. This is due to the three existing power plants (>10 MW) in the area.  
 
name Power 
[MW] 
Head [m] 
Røyrvik 16 28,5 
Tunnsjø 32 53 
Linvasselv 25 106,7 
Table 3: Description of existing power plants in the Tunnsjø area 
It means that some new projects around Tunnsjøen would be very easy to connect to the 
grid and the installation of new parallel power lines would induce less negative environment 
effects.  
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Figure 19 : Power lines in Tunnsjø Area 
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5.2.2 Area 2, Around Selbusjøen 
 
Figure 20 : Topographic map of Selbusjø area 
The area of Selbusjøen (name of the main reservoir) gathered 6 projects in the screening 
phases. The 9 projects cumulate a capacity of 1802MW for an average cost of 2484 NOK/kW. 
For each of the projects, more cost detail can be found in the appendix A 
Project 
Number
Upstream 
reservoir
Downstream 
reservoir
Length of the 
tunnel [km]
max head 
[m]
EEKV 
[kWh/m3]
capacity at 
10cm/h [MW]
Cost 
[kr/kw]
Project10 Sørungen slindvatn 1 110 0,24 136 2497
Project11a Samsjøen Selbusjøen 17,7 332 0,72 425 2178
Project11b Holtsjøen Selbusjøen 15,9 389 0,85 594 1767
Project12 Sørungen Selbusjøen 6,5 304 0,66 375 1862
Project13 Østrugen Stor Bellingsjø 17,37 519 1,13 113 3740
Project14 Slindvatn Selbusjøen 5,1 204 0,45 161 2859
Total Average
Natural lake
Regulated 
reservoir 1802 2484  
Table 4: Cost summary of Selbusjø area projects 
The projects 11a and 11b could be gathered under one project with a single tunnel from 
Holtsjøen to Selbusjøen and a connection tunnel to tap the reservoir Samsjøen.  
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Also “Lille Bellingsjøen” could be tapped to connect it with the project 13 and increase the 
up storage. 
 
Figure 21: Aerial picture of the Selbusjø Projects 
Project related Lake name
HRWL 
[m.a.s.l]
LRWL 
[m.a.s.l]
volume 
[M m3]
Area 
[km2]
Regulated 
reservoir Country
12-14 Sørungen 459 447,5 65 7,78 yes NO
10-14 Storslindvatn 359,25 349 37 4,21 yes NO
13 Østrugen 433,5 429,25 6 1,67 yes NO
13 Store Bellingsjøen 948 944 4 1 yes NO
Lille Bellingsjøen 704 700 3 0,72 yes NO
11b Holtsjøen 544 543 7 7,39 yes NO
11a Samsjøen 486,7 473 11,3 10,05 yes NO
Rensjøen 506 503,4 1 0,44 yes NO
11a-11b-12- Selbusjøen 161,3 155 348 57,97 yes NO  
Table 5: Description of the lakes of Selbusjø area 
This region of Norway is already equipped with several power lines as it can be seen on the 
map below. This is due to the three existing power plants (>10 MW) in the area and the 
electricity transfer from Tunnsjø Area.  
name Power 
[MW] 
Head [m] 
Slind 20 180 
Haen 30 217 
Table 6: Description of existing power plants in the Selbusjø area 
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For all the projects, the access tunnels are planned to be along the road of the south of 
Selbusjøen. An extra shaft might be needed to reduce the visual impact and get the power 
plants connected with 300KV lines. 
 
Figure 22: Power lines in Selbusjø area 
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5.2.3 Area 3, around Nesjøen 
 
Figure 23: Topographic map os Nesjø Area 
The area of Nesjøen (name of the main reservoir) gathered 9 projects in the screening 
phases. The 10 projects cumulate a capacity of 6584MW for an average cost of 3282 
NOK/kW. For each of the projects, more costs details can be found in the appendix A 
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Project 
Number
Upstream 
reservoir
Downstream 
reservoir
Length of the 
tunnel [km]
max head 
[m]
EEKV 
[kWh/m3]
capacity at 
10cm/h [MW]
Cost 
[kr/kw]
Project15 Nesjø Selbusjøen 47,7 574 1,25 3400 1577
Project16
Ramsjøen 
Finkoihøgda
Gammelvolls
jøen 11,4 269 0,59 245 2601
Project17 Nesjø Gammelvollsjøen 11 229 0,50 1357 1604
Project18 Sylsjøen Nesjøen 5,1 145 0,32 296 2498
Project19 Nesjøen Stuesjøen 5,92 130 0,28 770 1900
Project20 Riasten Stuesjøen 7,47 206 0,45 228 2644
Project21 Langen Stuesjøen 5,9 174 0,38 148 3106
Project22 Fielsjøen Rien 4,53 205 0,45 47 5125
Project23 Fielsjøen Riasten 6,1 148 0,32 34 6811
Project24 Fielsjøen Aursunden 9,84 263 0,57 60 4957
Total Average
Natural lake
Regulated 
reservoir 6584 3282
 
Table 7: Cost summary of Nesjø projects area 
The project 18 connects lakes between Norway and Sweden. The lakes with an overlay color 
are regulated reservoirs with existing power plants. 
 
Figure 24: Aerial picture of Nesjø projects 
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Project related Lake name
HRWL 
[m.a.s.l]
LRWL 
[m.a.s.l]
volume [M 
m3]
Area 
[km2]
Regulated 
reservoir Country
15 Selbusjøen 161,3 155 348 57,97 yes NO
15-17-18-19 Nesjø-Essandsjø 729 706 625 65,42 yes NO
16-17 Gammelvollsjøen 505 1,1 no NO
16 Finkoihøgda 769 758 46 6,05 yes NO
16 Ramsjøen 771 1,14 no NO
19-20-21 Stuesjøen 607,3 599 50 6,74 yes NO
20-23 Riasten 805 5,08 no NO
21 Langen 773 3,59 no NO
22 Rien 748 15,47 no NO
22-23-24 Fjellsjøen 948 1,05 no NO
24 Aursunden 691,1 658,2 215 46,11 yes NO
18 829 0,33 no NO
18 Sylsjøen 851 831 187 17,719 yes SE
 
Table 8: Description of the lakes of Besjø area 
This region of Norway is already equipped with several power lines as it can be seen on the 
map below. This is due to some very important power plants, all the way from the reservoirs 
Nesjøen till Selbusjøen along the Nea river. There are 8 existing power plants (>10 MW) in 
the area.  
name Power 
[MW] 
Head [m] 
Nedalfoss 25 98 
Vessingfoss 40 55 
Tya 35 205 
Gresslifoss 25 34 
Nea 175 377 
Nedre Nea 66,7 98 
Hegsetfoss 32 71 
Kuråfoss 10,6 48 
Table 9: Description of existing power plants in the Besjø area 
It means that new projects around Nesjøen would be very easy to connect to the grid and 
the installation of new parallel power lines would induce less negative environment effects. 
Indeed, the location of high voltage 420KV line toward Sweden would be a very helpful 
advantage to connect a PSH power plant to the European grid. 
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Figure 25: Power lines of Nesjø area 
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5.2.4 Area 4, Around Storgrønningen 
 
Figure 26: Topographic map of Storgrønningen 
The area of Storgrønningen (name of the main reservoir) gathered 5 projects in the 
screening phases. The 5 projects cumulate a capacity of 710MW for an average cost of 
33685 NOK/kW. For each of the projects, more costs details can be found in the appendix A 
Project 
Number
Upstream 
reservoir
Downstream 
reservoir
Length of the 
tunnel [km]
max head 
[m]
EEKV 
[kWh/m3]
capacity at 
10cm/h [MW]
Cost 
[kr/kw]
Project25 Storgrønningen Skrøyvstadvatnet 13,2 156 0,34 184 3485
Project26 Almåsgrønningen Øyvatnet 4,13 145 0,32 120 3485
Project27 Almåsgrønningen Storgrønningen 2,64 48 0,10 40 5832
Project28
Storgrønningen 
Grassjøen Grungstadvatnet 5,75 151 0,33 178 2801
Project29
Storgrønningen 
Elgsjøen Eidsvatnet 7,75 159 0,35 188 2871
Total Average
Natural lake
Regulated 
reservoir 710 3695  
Table 10: Cost summary of Storgrønningen area projects 
 
The Potential for Pumped Storage Hydropower Development in Mid-Norway 
June 2012 
 
Bruno Capon  
Page 
58 
Thesis, M.Sc. Hydropower 
development, NTNU (2010-2012) 
  
 
Figure 27: Aerial picture of Storgrønningen Area 
Lakes description 
Project related Lake name
HRWL 
[m.a.s.l]
LRWL 
[m.a.s.l]
volume 
[M m3]
Area 
[km2]
Regulated 
reservoir Country
29 Eidsvatnet 6 6,2 no NO
28 Grungstadvatnet 14 7,71 no NO
25-27-28-29 Storgrønningen 160 5,42 no NO
29 Elgsjøen 170 1,89 no NO
26-27 Almåsgrønningen 203 3,79 no NO
26 Øyvatnet 63 9,75 no NO
28 Langvatnet 150 1,15 no NO
28 Grassjøen 158 0,7 no NO
25 Skrøyvstadvatnet 9 2,95 no NO
 
Table 11: Description of the lakes of Storgrønningen Area 
This region of Norway does not count any big power plants. Only a few of them with very 
low power capacity are located near the shore. But the large, high voltage power plant 
following the highway E6 may ease the connections of the new projects. 
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Figure 28: Power lines of Storgrønningen Area 
5.2.5 Area 5, Around Grannasjøen 
 
Figure 29: Topographic map of Grannasjøen Area 
The area of Granasjøen gathered 2 projects in the screening phases. The 2 projects are 
exclusive but they cumulate a capacity of 250MW for an average cost of 3259 NOK/kW. For 
each of the projects, more costs details can be found in the appendix A 
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Project 
Number
Upstream 
reservoir
Downstream 
reservoir
Length of the 
tunnel [km]
max head 
[m]
EEKV 
[kWh/m3]
capacity at 
10cm/h [MW]
Cost 
[kr/kw]
Project30 Skarvatnet Granasjøen 10,7 259 0,56 134 3445
Project31 Skravatnet Gjevillvatnet 3,85 223 0,49 116 3073
Total Average
Natural lake
Regulated 
reservoir 250 3259  
Table 12: Cost summary of Grannasjøen Projects area 
 
 
Figure 30: Aerial picture of Grannasjøen projects 
 
Project related Lake name
HRWL 
[m.a.s.l]
LRWL 
[m.a.s.l]
volume 
[M m3]
Area 
[km2]
Regulated 
reservoir Country
30 Granasjøen 650 616 144 6,61 yes NO
31 Gjevilvatn 660,8 645,8 280 21,1 yes NO
30-31 Skardvatnet 869 2,38 no NO  
Table 13: Description of lakes in Grannasjøen area 
Many power lines converge in this region of Norway. The aluminum factory in Sunndalsøra 
requires a lot of electricity for the aluminium process. There is a power line linking Orkanger 
(near Trondheim) with the region of Grana. It can be a satisfying connection to the grid for 
the new power plants. 
The Potential for Pumped Storage Hydropower Development in Mid-Norway 
June 2012 
 
Bruno Capon  
Page 
61 
Thesis, M.Sc. Hydropower 
development, NTNU (2010-2012) 
  
 
Figure 31: Power lines in Grannasjøen area; refurbishment of old power plant for fresh water PSH 
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5.2.6 Refurbishment of old power plants 
 
Figure 32: Topographic map of the different old power plants 
Among the existing power plants in Nord and Sør-Trøndelagm, 5 of them can be refurbished 
into PSH power plants. They have been chosen because they are reservoir linked power 
plants and they benefit of upstream and downstream reservoirs. The table below shows 
some key figures of the actual power plants.  
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Name
Age 
[year]
Power 
[MW] Head [m]
Annual Production 
[GWh]
Vessingfoss 41 45 55 88
Slind 27 20 185 85
Røyrvikfoss 47 16 28,5 96
Tunnsjø 49 32 53 138
Bogna 57 56 290 150  
Table 14: summary of the characteristics of the old power plants 
All the new projects globally increase the production for a reasonable average cost. In the 
case of Slind, the production is limited by the size of the Lille Slinvatn reservoir. But a bigger 
lake just a couple of hundreds meter upstream, Stor Slindvatn, can be much more 
interesting. It involves the project 12 or the project 14. 
Project 
Number
Upstream 
reservoir
Downstream 
reservoir
Length of the 
tunnel [km]
max head 
[m]
EEKV 
[kWh/m3]
capacity at 
10cm/h [MW]
Cost 
[kr/kw]
Vessingfoss Nesjøen Vessingsjøen 1,03 71 0,15 421 1989
Slind Lille Slindvatnet Selbusjøen 3,34 190 0,41 15 9322
Rørvikfoss Vektaren Limingen 1 45 0,10 27 6320
Tunnsjø Limingen Tunnsjøen 2,86 65 0,14 802 2091
Bogna Ytter Bangsjøen Snåsavatnet 6,41 294 0,64 961 1417
Total Average
Natural lake
Regulated 
reservoir 2225 4228  
Table 15: Cost summary of the upgrading of the old power plants 
 
Project related Lake name
HRWL 
[m.a.s.l]
LRWL 
[m.a.s.l]
volume 
[M m3]
Area 
[km2]
Regulated 
reservoir Country
Vessingfoss Nesjø-Essandsjø 729 706 625 65,42 yes NO
Vessingfoss Vessingsjø 674 659 38 3,16 yes NO
Slind Lille Slindvatn 0,36 no NO
Slind Selbusjøen 161,3 155 348 57,97 yes NO
Roøyrvikfoss Vektaren 8,7 no NO
Røyrvikfoss-
Tunnsjø Limingen 417,7 409 490 93,27 yes NO
Tunnsjø Tunnsjø 357,64 352,64 440 100,46 yes NO
Bogna Bangsjøen 315 305 150 20,7 yes NO
Bogna Snåsavatn 22,43 21,03 165 121,97 yes NO  
Table 16: Description of the lakes of the old power plants 
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6 Conclusion of the reconnaissance Study 
In this part, different projects have been introduced. It lets appear that Trøndelag Region has 
a great potential if some natural lake are included in the planning. A total installed capacity 
of 15,000 MW is existing with an environmental constraint of 10 cm/h for the water level 
variation in the reservoirs. A summary table of all the cost of the project, the EEKV, the 
maximum production and the installed capacity can be found in Appendix H.  
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7 Prefeasibility Study 
For the prefeasibility study, it was decided to look up to the refurbishment of existing power 
plants. The details are presented in the following chapters.  
7.1 Bogna pumped storage hydro power plant. Alternative 1 and 2 
7.1.1 Salient features of the project 
Scheme Type Pumped storage  
 Alternative 1 Alternative 2 
Energy Generation   
Lake storage 150 M m3 
EEKV 0,738  kWh/m3 0,739 kWh/m3 
Installed capacity 1103 MW 1109 MW 
Energy Storage in the lake 120,16 GWh 
Maximum tunnel discharge 416 m3/s 
Duration of maximum 
production 
4,2 days 
Gross head 293,97 m 
Net Head 290,44 m 291,77 m 
 
Hydraulic Structures   
Dam Exisiting 
 
Intake upstream   
Type Lake piercing, no infrastructure 
Depth 280 m.a.s.l 
Size 2 x 90 m2 
 
Intake Downstream   
Type Lake piercing, no infrastructure 
Depth -25 m.a.s.l 0 m.a.s.l 
Size 2 x 90 m2 
 
Waterway   
Pressure shaft Circular, bored tunnel Circular, bored tunnel 
Length 7,28 km 4,45 km 
Diameter 15,5 m 
Area 189,1 m2 
Angle 4,5% 0,1% 
 
Inclined pressure shaft   
Length  460 m 
Angle  45° 
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Area  189,1 m2 
 
Tail race Tunnel Circular, drilled and blast 
tunnel 
Circular, Bored Tunnel 
Length 2,56 km 2,8 km 
Diameter 15,5 m 15,5 
Area  189,1 m2 
Angle 1,02% 1,8% 
 
Power House   
Type Underground 
Cavern size Blasted volume 101700 m3 
 
Access Tunnel   
Length 1,38 km 0,93 km 
Size Diameter 15,5  Diameter 15,5 
Angle 8% 33% 
 
Turbine   
Type Pump turbine 
Number of unit 3 
Installed Capacity 400,5MW 
C/L if Turbine 54 
Efficiency 92-93% 
Angular velocity 250RPM 
Medium Diameter 3,65m 
 
Generator   
Number of unit 3 
Capacity 450MVA 
Number of pole 12 
 
Transformer   
Number of unit 3 
 
Economic Analysis   
Total construction cost 2271M NOK 2008 M NOK 
Unit cost 2058,6 NOK/kW 1810,4 NOK/kW 
 
7.1.2 Introduction  
This chapter presents the prefeasibility study of the refurbishment of Bogna power plant by 
the construction of a new pumped storage hydro power plant, in parallel of the existing one. 
This is the first alternative for the construction of the new pumped storage power plant. 
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7.1.3 Main objectives of the study 
7.1.3.1 Project Location 
The power plant Bogna is located in Nord Trøndelag (Norway) region on the municipality of 
Snåsa. The power company NTE is in charge of the operation of the power plant. It is located 
164 km from Trondheim, and 41 km from the closest harbor of Steinkjer. It gives an access to 
the Norwegian sea via Trondheimfjord and Beistadfjorden. 
7.1.3.2 Topography  
The topography between the two reservoirs of Bangsjøen and Snåsavatnet is divided into 
two parts. A band of forest large of 3 km is going from west to East. The mountains are 
eroded and some small lakes of a few hectares are located at the junction of the different 
geology zones. In the Northern part, near Bangsjøen, the area is more desert. It is 
characterized by higher mountain. The average slope for a cross section going from the 
upper to the lower reservoir is about +/- 15%.  
The maps prepared by the Norwegian Mapping and Cadastre Authority NVE atlas, 
GISLINK.NO and Google maps were used for the study of the topography of this site. 
 
Figure 33: Aerial pictures of the two alternatives for pumped storage in Bogna 
7.1.3.3 Geology 
The geology of the area is composed of 5 different layers from the upstream to the 
downstream reservoirs. As it can be seen on the map below, the first large area (in light 
pink) is Diorit for granitic gneiss, then a very narrow zone of Sand stone and limestone (in 
light green). A little further are mica and calcium silicate gneiss (green) Green stone; 
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amphibolite is in brown and finally meta sand stone (in yellow) lines the reservoir of 
Snåsavatnet. The location of the powerhouse is to be in the green stone and amphibolite 
between the two geological faults. This location can be changed in the detailed study with a 
deep analysis of the geology of the area. 
 
Figure 34: Geology layout for the two alternative projects of pumped storage power plant in Bogna 
A detail layout of the geology along the cross section of the new project can be found in the 
appendix C1 & C2. This first design has been made for the tunnel to cross in a perpendicular 
way the joint of the different zone, and in addition to avoid from crossing the main fault and 
the lakes. Indeed the natural lakes can have a very deep layer of sediment that can prove to 
be very unstable for the construction of tunnel underneath. In the appendix, the junction 
between the different rock layers has been assumed to be vertical. 
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7.1.3.4 Available energy  
variation of water level in 
upper reservoir [cm/hours] 
Max Power 
available [MW] 
Max absorption 
capacity [m3/s] 
-1 120,2 41,67 
-2 240,3 83,33 
-3 360,5 125,00 
-4 480,6 166,67 
-5 600,8 208,33 
-6 721,0 250,00 
-7 841,1 291,67 
-8 961,3 333,33 
-9 1 081,4 375,00 
-10 1 201,6 416,67 
-11 1 321,8 458,33 
-12 1 441,9 500,00 
-13 1 562,1 541,67 
-14 1 682,2 583,33 
-15 1 802,4 625,00 
Table 17: Power available and corresponding discharge for different variations in Bangsjøen 
7.1.3.5 The number of units 
For all modern hydro power plants, there is a need of at least two units of production. It 
allows the power plant to be kept in operation during the maintenance phase and to limit 
the loss of earning. In this case the max discharge is 400m3/s and the power capacity 
1200MW. The bigger pump turbine recently constructed, are design for a power of 400MW 
and a head of 300m. Therefore at this stage of the study, the choice of 3 units of the same 
size seems reasonable. 
7.1.3.6 Turbine design 
The design follows the rules shown in the appendix B. Maximum discharge per unit is 
138,9m3/s and the power capacity is 400,1MW. The yellow cells below are the choices that 
can be made to influence the size of the turbine; those values are for the design of a Francis 
turbine. But for a pump turbine, the diameter D1 is a bit larger. Moreover, the number of 
blades is reduced for a pump turbine. It has been chosen a high u2 velocity in order to have a 
higher angular velocity and a reduced size of the turbine. Indeed, a smaller turbine reduces 
the price (cost of steel) and the size of the underground power house. 
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dimension value unit
u2 43 m/s
Beta2 22 deg
0,38 rad
cm2 17,37 m/s
D2 3,19 m
angular velocity ω 27,0 rad/s
257,4 RPM
Nombre de pole 11,7
Zp 12,0
new RPM 250,0
D2k 3,24 m
0,7< u1 < 0,75 0,7
u1 53,16 m/s
u1 0,7
cu1 0,67
D1 4,06 m
B1 0,69 m
B0 0,69 m
cm1 15,79 m/s
cm1 0,21
tan beta1 7,3
beta1 82,18 deg  
Table 18: Characteristics of the pump turbine 
A high velocity has a strong influence on the cavitation. The table below shows the depth of 
the turbine compared to the LRWL of the reservoir of Snåsavatnet.  
turbine pump
a 1,15 2
b 0,15 0,25
NPSHr [m] 31,8 54,3  
Table 19: Caracteristic of the depth of the turbine to avoid cavitation 
The last parameter that influences the size of the turbine is the size of the spiral case. In this 
case the diameter is                             . 
7.1.3.7 Alt 1-Tunnel construction 
The tunnel construction follows the model of an unlined high pressure tunnel. The longest 
part tunnel will be excavated with a TBM. The TBM is first planned to bore 1,38km for the 
access tunnel till the underground powerhouse. Then, after a smooth bending, the TBM will 
excavate 7,28 km of tunnel from the powerhouse to the upper lake. The tailrace tunnel 
should be bored thanks to drill and blast technic. The TBM has a cross section of 10,1m and 
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can be assembled on site. It can indeed be shipped to the harbor of Steinkjer and then 
transported by truck over 40 km until the construction site. 
For the Tailrace tunnel (2,56km), in this study, it has been planned to excavate it by the drill 
and blast method 
7.1.3.8 Alt2-Tunnel construction 
For the second alternative, the traditional Norwegian layout has been chosen. It starts with a 
nearly horizontal headrace tunnel of 4,5 km, then an unlined pressure shaft inclined at 45°. 
Following the underground powerhouse, there is a tailrace tunnel of 2,8km. It is planned to 
have the headrace and tailrace tunnel excavated with a TBM and the pressure shaft with the 
technic of drill and blast. The logistics should be looked deeper into in the next study to 
define the point of entry and exit of the TBM for the two tunnels. 
The access tunnel has a length of 800m and is planned to be built with drill and blast technic.  
The layout of the tunnels can be found in appendix D2; it has been designed to that the 
tunnel avoids the main geological faults and it crosses the border of rock layer nearly 
perpendicular. 
7.1.3.9 Alt-1 Design of air cushion surge chambers 
Upstream and downstream to the turbine, an air cushion chamber has been chosen, 
because Tw>1s. 
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Indeed the topography does not allow the construction of a surface surge tank. As it has 
been described in the chapter 4.4, the design of an air cushion surge chamber needs to meet 
several parameters. 
The cost has been integrated as well in the optimization of the construction of the power 
plant. The cost does not include the price of compressor, neither the electricity needed to 
compress such a volume under 35 bars. Moreover, a strong study of the geology needs to be 
carried out to determine the permeability of the rock. 
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  Upstream air CS 
Downstream air 
CS 
Velocity [m/s] 2,20 2,20 
Area of the tunnel [m2] 189,40 189,40 
head loss 1,45 1,27 
net head 354,55 68,73 
Athoma  [m2] 580,37 1206,88 
Pressure equilibirum Air cushion [bar] 35,47 5,65 
      
K or γ 1,47 1,41 
A  [m2] air cushion 17411,05 7361,94 
height [m] free air 18,00 15,80 
Volume  [m3] Vo 313398 116318 
A  [m2] equivalent 581 1218 
      
ΔH  [m] 34,22 14,01 
V [m3] participating water 19880,2 17074,02 
Δz [m] air cushion 1,14 2,32 
Volume cavern [m3] 449926,8 180080,1 
Periode T [s] 299,8 257,5 
P max [bar] 39,1 7,1 
P min [bar] 32,4 4,7 
T max (deg celcius) 10,3 10,7 
Price kr 161 973 662 kr 64 828 847 
Table 20: Characteristic of air cushion surge chamber for alternative 1 
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Figure 35: 3D design of the upstream air cushion chamber of alternative 1 
 
This design is made to give an overview of the air cushion chamber. The height is equal to 
Gjøvik sporthall cavern. To ensure the stability, this cavern can be supported by pills of not 
blasted rock along the middle of the span. Therefore the area occupied by those pills has to 
be excavated to ensure the respect of Thoma area. 
7.1.3.10 Alt-2 Design of surge tank, and downstream air cushion chamber 
The time of the penstock is equal to Tw=0,9s with a surge tank at the junction between the 
head race tunnel and the unlined pressure shaft. 
The downstream tunnel needs an air cushion surge chamber. 
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)       
The cost for these devices is lower due to the use of the surge tank.  
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Upstream surge 
tank 
Downstream air 
CS 
Velocity [m/s] 2 2,20 
Area of the tunnel 
[m2] 189 189 
head loss 1 1,27 
net head 355 68,73 
Athoma  [m2] 579 1207 
Pressure equilibirum 
Air cushion [bar]   5,65 
      
K or γ   1,41 
A  [m2] air cushion   7362 
height [m] free air   16 
Volume  [m3] Vo   116319 
A  [m2] equivalent   1219 
      
ΔH  [m] 27 14 
V [m3]eau deplace   17074 
Δz [m] air cushion   2 
Volume surge 
tank/cavern [m3] 31219 180080 
Periode T [s]   257 
P max [bar]   7,1 
P min [bar]   4,7 
T max (deg celcius)   10,7 
Price kr 11 238 893 kr 64 828 847 
Table 21: Characteristics of air cushion surge chamber for alternative 2 
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Figure 36: 3D design of the upstream surge tank for alternative 2 
 
7.1.3.11 Grid connection 
An existing power line connects the Bogna power plant to the Norwegian grid. It is very likely 
that the capacity of this line should be increased regarding the production capacity 
expected. 
7.1.3.12 Cost 
Different optimizations can be carried out.  
In the first step, the optimization was done by minimizing the cost of the kW installed 
regarding the average velocity in the tunnel. It gives the following results: 
 Alt 1 Alt 2 
Velocity [m/s] 5,5 6,5 
Price [NOK/kW] 1714,8 1562,4 
Head loss [m] 31,9 30,9 
Global efficiency  for generation 82,9% 83,2% 
Power [MW] 944,7 1036,6 
EEKV [kWh/m3] 0,664 0,667 
Table 22: Results of cost optimization for the two alternatives of Bogna 
This point is the optimum in term of costs but it does not consider the impact of the energy 
loss in term of price. 
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Figure 37: Graph of the cost optimization of the two alternatives of Bogna 
Therefore a second optimization has been carried out, regarding some hypothesis that are 
presented below. 
Hypothesis: 
The two reservoirs are considered as a closed system. There is no outflow or inflow. The 
upper reservoir (Bognasjøen) has a capacity of 150M m3. With the selected discharge, it 
takes 4,2 days to empty it completely. A cycle, reservoir emptied and filled at his higher 
level, takes 8,4 days. Therefore about 43 cycles can be conducted per year. It induces that if 
the PSH works at full capacity with an efficiency of 1, the annual production/annual 
absorption is 43*150*0,8=5,1 tWh. 0,8 is the EEKV for an efficiency of 1 in this case.  
For the optimization, some parameters have been chosen: 
 Number of cycles = 30 per year 
 Volume of water transferred per cycle = 100 M m3. 
 Value of the energy loss = 0,6 NOK /kWh 
 Depreciation rate = 7% 
 Life time of the project 40 years. 
The economic parameters give a series present worth factor equal to 13,33 
The graph below gives the result of the optimization. The detailed table of the figures can be 
found in appendix G1 & G2 
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Figure 38: Graph of the margin cost optimization for alternative 1-Bogna 
 
Figure 39: Graph of the margin cost optimization for alternative 2-Bogna 
The results of the optimization are presented in the table below. 
 Alt1 Alt2 
Velocity [m/s] 2,2 2,2 
Price [NOK/kW] 2061,2 1810 
Head loss [m] 3,3 2,2 
Global efficiency  for generation 92% 92,3 
Power for generation [MW] 1103 1109 
Power for pumping [MW] 1128 1124 
Total cost [M NOK] 2317 2008,3 
EEKV for generation [kWh/m3] 0,737 0,739 
y = 0,169x4 - 3,969x3 + 34,781x2 - 135,407x + 208,433 
R² = 0,997 
y = 10,80518x1,66661 
R² = 1,00000 
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EEKV for pumping [kWh/m3] 0,753 0,750 
Energy loss per transfer 
[kWh/m3] 
0,0083 0,0052 
Table 23: Summary table of the cost margin optimization for the alternatives of Bogna 
This optimization gives a participation of the new PSH power plant  
 In generation : 2210GWh/year for alternative 1 
 In generation : 2217GWh/year for alternative 2 
 In pumping : 2257GWh/year for alternative 1 
 In pumping : 2249GWh/year for alternative 2 
A PSH power plant can completely balance the equivalent of a wind power farm of 
900MW15. But in fact, the PSH power plant will balance the surplus. If an average power 
from a wind power farm is about 9GW, and the variance, due to the fluctuation of wind, is 
equivalent to 10% of the farm, therefore the PSH power plant of Bogna can balance this 
farm. 
The detailed costs table can be fin in appendix E1 & E2 
7.1.3.13 Impact on the existing Bogna power plant 
Besides the optimization, a part of the water flowing through can be diverted into the new 
power plant. Indeed a reduced discharge in Bogna power plant will lower the velocity in the 
tunnel and also the head loss.  
The following data has been given by NTE that is operating Bogna power plant. 
 EEKV : 0,7162 kWh/m3 
 Efficiency of the turbine : 94 % 
 Annual Production 150 GWh 
 Maintenance cost 0,06 NOK/kWh 
The table in the appendix F1, estimates the velocity regarding different Manning coefficients 
for a drill and blast tunnel. The goal is to find a new discharge such that the energy 
equivalent is increased by 0,01GWh/M m3.   
It appears that the discharge is constant regarding the different manning coefficients. 
 EEKV 
[kWh/m3] 
Q [m3/s] Headloss 
[m] 
Inflow into 
Bogna [M m3] 
Existing 0,7162 23,8 5,5 209,4 
New 0,726 12,75 1,58 112,3 
Table 24: Summary table of the impact on the existing power plant of Bogna 
                                                     
15
 Wikipedia, offshore wind average of 2500MWh/Installed MW 
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Therefore the gain in energy is equal to (0,726-0,7162)*Total inflow=2,04GWh/year 
If we assume a level price of 0,6NOK/kWh it gives a gain of 1,23M NOK/year and a reduction 
of maintenance costs for Bogna of 4,11 M NOK/year. We assume that the unit maintenance 
costs for the new PSH power plant are lower compared to a 67 year old power plant. 
7.2 Project 12-Slind, Julskaret parallel project 
7.2.1 Salient features of the project 
Scheme Type Pumped storage 
  
Energy Generation  
Lake storage 65 M m3 
EEKV 0,763 kWh/m3 
Energy Storage in the lake 53,8 GWh 
Maximum tunnel discharge 157 m3/s 
Duration of maximum production 4,8 days 
Gross head 304 m 
Net Head 301,12 m 
  
Hydraulic Structures  
Dam exisiting 
  
Intake upstream  
Type Lake piercing, no infrastructure 
Depth 433 m.a.s.l 
Size 82 m2 
  
Intake Downstream  
Type Lake piercing, no infrastructure 
Depth 140 m.a.s.l 
Size 82 m2 
  
Waterway  
Headrace tunnel Circular, bored tunnel 
Length 6,86 km 
Diameter 10,3 
Area 82,6 m2 
Angle 7% 
  
Tail race Tunnel Circular, bored tunnel 
Length 1,03 
Diameter 10,3 
Area  82,6 m2 
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Angle 8,7% 
  
Power House  
Type Underground  
Cavern size Blasted volume 50207 m3 
  
Access Tunnel  
Length 0,8 km 
Size Diameter 10,3 m  
Angle 33% 
  
Turbine  
Type Pump turbine 
Number of unit 2 
Installed Capacity 234,1 MW 
C/L if Turbine 54 
Efficiency 92-93% 
Angular velocity 333 RPM 
Medium Diameter 2,76 m 
  
Generator  
Number of unit 2 
Capacity 263 MVA 
Number of pole 9 
  
Transformer  
Number of unit 2 
  
Economic Analysis  
Total construction cost 1159 M NOK 
Unit cost 2688 NOK/kW 
 
7.2.2 Introduction  
This chapter presents the prefeasibility study of the refurbishment of Slind and Julskaret 
power plants by the construction of a new pumped storage hydro power plant, in parallel of 
the existing one. 
7.2.2.1 Project Location 
The power plant Slind is located in Sør Trøndelag (Norway) region on the municipality of 
Selbu. The power company Selbu Energyverk AS is in charge of the operation of the power 
plant. It is located 72 km from Trondheim via E6 toward Narvik and Rv705. The closest 
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harbor is located in Trondheim. An easier access to the construction site can be through E6 
toward Oslo and then Rv704. Then the machineries can be shipped on Selbusjøen  
7.2.2.2 Topography  
The topography from Sørungen until selbusjøen is relatively flat over the 6km, the altitude 
vary smoothly between 354 m.a.s.l. until 477 m.a.s.l.  Then after 6km from Sørungen, the 
slopes increase to 16,8% (average value) to reach the shore of Selbusjøen with an elevation 
of 162 m.a.s.l. On the plateau, the forest is disparate with some surface rock. Some ponds 
strewed the tunnel alignment. 
The maps prepared by the Norwegian Mapping and Cadaster Authority NVE atlas, 
GISLINK.NO and Google maps were used for the study of the topography of this site. 
 
Figure 40: Aerial picture of the project 12 
7.2.2.3 Geology. 
The geology of the area is composed of 2 different layers from the upstream to the 
downstream reservoirs. As it can be seen on the map below, the first large area (in light 
green) is composed of Mica gneiss, Mica schist, Meta-sandstone and Amphibolite, then the 
second area which is the largest in our case is Phyllite and Mica schist 
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Figure 41: Geology map of the project 12 
A detail layout of the geology along the cross section of the new project can be found in the 
appendix C3. This first design takes in consideration the fault that separate the two 
geological zones. The upstream intake is placed in a part of the lake  
7.2.2.4 Energy available. 
variation of water level in 
upper reservoir [cm/hours] 
max power generated 
[MW] Max absorption capacity [m3/s] 
-1 46,8 15,70 
-2 93,6 31,40 
-3 140,5 47,10 
-4 187,3 62,80 
-5 234,1 78,50 
-6 280,9 94,20 
-7 327,8 109,90 
-8 374,6 125,60 
-9 421,4 141,30 
-10 468,2 157,00 
-11 515,0 172,71 
-12 561,9 188,41 
-13 608,7 204,11 
-14 655,5 219,81 
-15 702,3 235,51 
Table 25: Power available and corresponding discharge for different variation in Sørrungen 
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7.2.2.5 Turbine design 
Two turbines will be installed. The design follows the rules shown in the appendix XX. Max 
discharge per unit is 78,5 m3/s and the power capacity of each is 234 MW. The yellow cells 
below are the choices that can be made to influence the size of the turbine. 
dimension value unit
u2 43 m/s
Beta2 22 deg
0,38 rad
cm2 17,37 m/s
D2 2,40 m
angular velocity ω 35,9 rad/s
342,4 RPM
Nombre de pole 8,8
Zp 9,0
new RPM 333,3
D2k 2,43 m
0,7< u1 < 0,75 0,7
u1 54,06 m/s
u1 0,7
cu1 0,67
D1 3,10 m
B1 0,51 m
B0 0,51 m
cm1 15,79 m/s
cm1 0,20
tan beta1 7,2
beta1 82,05  
Table 26: Characteristic size of the pump turbine 
A high velocity will have a strong influence on the cavitation. The table below shows the 
depth of the turbine compared to the LRWL of the reservoir of Selbusjøen  
turbine pump
a 1,15 2
b 0,15 0,25
NPSHr [m] 31,8 54,3  
Table 27: Depth of the turbine to avoid cavitation problem 
The last parameter that influences the size of the turbine is the size of the spiral case. In this 
case, the diameter is                             
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7.2.2.6 Tunnel construction. 
The entire tunnel will be excavated with a TBM. The TBM can start to excavate from the 
shore of Selbusjøen at the vertical of tail race tunnel and then excavate till the upper 
reservoir. 
 
Figure 42: Aerial picture for starting point of excavation 
It is planned that the TBM will bore first 1km till the underground power house and then 
6,8km till the upper reservoir. For the access tunnel to the underground powerhouse, the 
technic of Drill and Blast will be operated. The TBM can be shipped till the harbor of 
Trondheim, then carry on the E6 toward the south, and then driven to the shore of Selbu at 
Brøttemsjøen via Fv926. From this point it could be transported by barges until the 
excavating point. 
7.2.2.7 Design of an air cushion surge chamber. 
Two air cushion chambers are required for the constructions. Indeed the topography does 
not allow the construction of a surface surge tank. Some geology studies on site have to be 
processed to define the rock stress of the rock mass and the permeability. 
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Upstream air 
CS 
Downstream 
air CS 
Velocity [m/s] 1,90 1,90 
Area of the tunnel [m2] 82,63 82,63 
head loss 1,78 0,66 
net head 213,22 69,34 
Athoma  [m2] 242,20 300,25 
Pressure equilibirum Air 
cushion [bar] 37,25 7,91 
      
K or γ 1,47 1,41 
A  [m2] air cushion 7266 2432 
height [m] free air 19,0 15,8 
Volume  [m3] Vo 138056 38426 
A  [m2] equivalent 243,68 301,95 
      
ΔH  [m] 29,30 10,20 
V [m3]eau deplace 7140 3081 
Δz [m] air cushion 0,98 1,27 
Volume cavern [m3] 196016 56035 
Periode T [s] 285,8 123,3 
P max [bar] 40,3 8,9 
P min [bar] 34,6 7,1 
T max (deg celcius) 10,3 10,3 
Price kr 70 565 583 kr 20 172 662 
Table 28: summary of the characteristic for Air cushion surge chamber 
7.2.2.8 Grid connection. 
An existing power line of 300KV is passing a few kilometers south from the surface point of 
the underground power plant. It can be a very easy connection. Moreover this power line is 
part of the Swedish grid that will be interconnected with the European grid. But it is likely 
that the capacity should be increase to transport an addition of 400MW. 
7.2.2.9 Cost 
Different optimization can be carried out.  
In the first step, the optimization was done by minimizing the cost of the kW installed 
regarding the average velocity in the tunnel. It gives the following results 
  
The Potential for Pumped Storage Hydropower Development in Mid-Norway 
June 2012 
 
Bruno Capon  
Page 
86 
Thesis, M.Sc. Hydropower 
development, NTNU (2010-2012) 
  
 
 Alt 1 
Velocity [m/s] 5,5 
Price [NOK/kW] 2371,9 
Head loss [m] 35 
Global efficiency  for generation 82,1% 
Power [MW] 384 
EEKV [kWh/m3] 0,68 
Table 29: Summary of the cost optimization 
This point in the optimum in term of cost but it does not consider the impact of the energy 
loss in term of price. 
 
 
 
Figure 43: graph of the cost optimization 
Therefore a second optimization has been carried out, regarding some hypothesis that will 
be presented below. 
 
 
Hypothesis. 
The two reservoirs are considered as a closed system. There is no outflow either inflow. The 
upper reservoir (Sørungen) has a capacity of 65 M m3. With the selected discharge, it takes 
4,8 days to empty it completely. A cycle, reservoir emptied and filled at his higher level, take 
2000,0
2200,0
2400,0
2600,0
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3200,0
3400,0
0 1 2 3 4 5 6 7 8
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9,6 days. Therefore about 38 cycles can be conducted per year. It induces that if the PSH 
would work at full capacity with an efficiency of 1, the annual production/annual absorption 
is 38*65*0,83=2,05 tWh. 0,83 is the EEKV for an efficiency of 1 in this case.  
For the optimization, some different parameters have been chosen.  
 Number of cycle = 30 per year 
 Volume of water transferred per cycle = 50 M m3. 
 Value of the energy loss = 0,6 NOK /kWh 
 Depreciation rate = 7% 
 Life time of the project 40 years. 
The economic parameter gives a series present worth factor equal to 13,33 
The graph below gives the result of the optimization. The detailed table of the figures can be 
found in appendix G3 
 
Figure 44: Graph of the margin cost optimization 
The results of the optimization are presented in the table below. 
 Alt1 
Velocity [m/s] 1,9 
Price [NOK/kW] 2688 
Head loss [m] 2,9 
Global efficiency  for generation 92,1% 
Power for generation [MW] 431,3 
Power for pumping [MW] 439,5 
Total cost [M NOK] 1159 
EEKV for generation [kWh/m3] 0,763 
y = 0,464x4 - 8,589x3 + 57,788x2 - 167,512x + 
182,097 
R² = 0,978 
y = 6,00801x1,66652 
R² = 1,00000 
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EEKV for pumping [kWh/m3] 0,778 
Energy loss per transfer [kWh/m3] 0,0073 
Table 30: summary of the margin cost optimization for project 12 
This optimization gives a participation of the new PSH power plant  
 In generation : 1144GWh/year for alternative 1 
 In pumping : 1166GWh/year for alternative 1 
A PSH power plant can balance totally the equivalent of a wind power farm of 460MW16. But 
in fact, the PSH power plant will balance the surplus. If an average power from a wind power 
farm is about 4,6GW, and the variance, due to the fluctuation of wind, is equivalent to 10% 
of the farm, therefore the PSH power plant of Slind/Sørungen can balance this farm. 
The detailed cost table can be fin in appendix E3 
7.2.2.10 Impact on the existing Slind and Julskaret power plant. 
Besides the optimization, a part of the water flowing through can be diverted into the new 
power plant. Indeed a reduced discharge in the two power plants will decrease the velocity 
in the tunnel and diminish the head loss.  
The following data has been given by Selbu Energiverk AS that is operating Slind and 
Julskaret power plant. 
 EEKVSlind : 0,43 kWh/m3 
 Annual Production - Slind : 85 GWh 
 Annual inflow - Slind : 197,7 M m3 
 EEKV Julskaret : 0,28 kWh/m3 
 Annual production Juskaret : 11GWh 
 Annual Inflow - Julskaret : 45 M m3. 
The power plant of Juskaret is between the upper reservoir of Sørungen and the lower 
reservoir of støre slindvatn. Then the water is flowing through the power plant of Slind to 
reach the river of Slindelva. In order to calculate the gain if a part of the water is diverted 
into the more efficient new PSH power plant, the volume of 45 M m3 flowing yearly through 
Juskaret has been considered.  
 Area Q [m3/s] Headloss 
[m] 
Length of the 
tunnel (m) 
Slind 19 12,8 0,25 1660 
Julskaret 6,5 6,2 0,79 1000 
Table 31: Characteristic technic of Slind and Julskret power plant 
                                                     
16
 Wikipedia, offshore wind average of 2500MWh/Installed MW 
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The velocity and the head loss are very low for these two power plants. A reduction of the 
flow will not increase so much the efficiency of the existing power plant. But the energy 
equivalent of the new project 0,763>EEKVSlind+EEKVJulskaret=0,71kWh/m3.  
Let us consider only the 45M m3 common to the two power plants. The gain compared to 
the existing conditions, if all this volume is flowing through the new power plant is 
2,3GWh/year. It is equivalent to 1,4M NOK at 0,6 NOK/kWh. 
The total amount of the production is 34,3 GWh of production. 
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8 Discussion and development 
8.1 On geology 
All the projects integrate the construction of tunnel, underground power house and 
underground air cushion surge chamber. For all hydropower projects, the geology is a very 
important parameter that can increase dramatically the cost. Indeed the type, the strength, 
the foliation of the rock mass can influence the time of construction and the need for rock 
support. After a desk study on existing data, a field study should be carried out with rock 
sample and rock excavation. Norway and Trøndelag, benefit in majority from strong rock 
mass and low sediment rate that are favorable for the construction of underground technic. 
8.2 On manning coefficient 
The technic of Drill and Blast is very popular in Norway because the country benefits from 
many years of experience and good equipment to process. Nevertheless, the TBM method 
seems to be preferable for long tunnel in the most of the pumped storage case. It will make 
a smoother tunnel, with reduce cross section and increase the manning coefficient. 
8.3 On environment 
The distribution of temperature near the intake and the propagation of heat waves should 
be studied. Indeed in winter the cold water from an upstream reservoir into the lower 
reservoir can have a strong impact on the ecosystem. Moreover, the concentration of the 
different particles or bacteria in a reservoir can contaminate another reservoir by the rapid 
and frequent fluctuation. A continuous and regular water sampling should be done before 
the construction and then later during the operation. 
8.4 On prices 
For each of the projects, a precise business plan should be realized. Most of the projects are 
not depending on hydrology. Two reservoirs can be considered in first approximation as a 
closed system. It is important to see at what level on electricity (different in pumping and 
generation mode) prices the project is feasible.  
8.5 On operation 
The result of the optimum velocity that is designing all the projects of Bogna or 
Slind+Julskaret can be changed by increasing or decreasing the number of cycle (see chapter 
7.2.2.9). As it can be seen in the graph below, the cost of marginal energy loss will increase if 
the number of cycle per year or the water volume transferred is increased. Indeed the global 
cost of energy loss will increase if there is more water flowing per year than the nominal 
design. Therefore the number of cycle per year and the water volume transferred should be 
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determine by the weight that the operator of new power plant wants to give it, in order to 
balance the renewable energy. 
 
8.6 On extra cost 
All the costs have been based on the NVE cost curve from 2010. It does not include the cost 
of the pre study, and the marge of the different stakeholder of the project. Therefore the 
cost will be probably higher than tabulated in this study. 
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9 Conclusion 
The level of the installation of renewable energy, wind and solar is not completely defined 
yet. It is very important to be the most accurate possible in the study of the new projects 
and to take in consideration all the side effects in order to ensure a smooth development of 
the pumped storage hydropower project. Three important decisions for the European grid 
will have to be taken in parallel. The co-development of renewable energy with pumped 
storage technic to ensure the stability of grid and the prices, the development of the 
European grid (power lines of large capacity) to ease the transfer of the renewable 
resources, and the shutdown of old and polluting power plants to balance supply and 
demand and ensure a stability of the prices. 
This study shows that the region of Trøndelag can play an important role in the Norwegian 
development of the green battery for Europe. Four important areas, Selbu, Tunnsjø, Nesjø 
and Sørringen gather the resources. Reservoirs and natural lakes (out of protected area) 
have been included in the screening phase. It is important to precise that for natural lakes, 
there are no constructions planned without a very deep environment impact assessment 
and their inclusion in the study is mainly to tabulate all the resources available in the Nord 
and Sør Trøndelag. Thirty-one new projects have been identified. In addition five projects of 
refurbishment of old existing power plants satisfy the topographic and hydrologic 
requirements of pumped storage. The thirty-one projects cumulate a capacity of 15,589MW 
for an average construction cost of 3,1 M NOK/MW. Some of the projects are exclusive and 
their capacities of storage vary for some stations from few hours to a week. The power 
plants are planned to be constructed with tunnels. 
The variations in the reservoirs or in the natural lakes are limited to 10cm/h in this study. 
The figures presented above are delivered with this parameter. The report from SINTEF on 
“increasing balance power capacity in Norwegian hydroelectric power stations” specifies 
that the maximum variation in the lake should not exceed 14 cm/h. Some recent studies on 
hydro peaking in the Norwegian river limit the maximum variation to 13cm/h because of 
their impact on the fauna and flora. The study of the impacts of this variation is the biggest 
challenge. The variations will fragile the ice covers, transform the thermocline and increase 
the erosion of the dam faces in the reservoirs. It is clear that a precise state of the aquatic 
life has to be studied before any construction and the result of the study for each reservoir 
should give the limitation to the project size. 
In the second part of the thesis, the refurbishment of Bogna power plant (Nord Trøndelag) 
and a parallel project to Slind and Julskaret power plants (Selbusjø, Sør Trondelag), have 
been further investigated. For the two projects, the lower reservoir (respectively, 
Snåsavatnet and Selbusjøen) has a larger capacity than the upper one. Both of the projects 
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can have a full production of about 4,5 days at their designed discharge of 416m3/s and 
157m3/s. 
The biggest challenge was to define the optimum point. Indeed the level price of electricity 
for the European market is not known. The pump mode will probably operate in case of 
excess of renewable electricity and at a very low price and the generation will cover the lack 
to reach the demand at higher price. Therefore the optimization was based on the margin 
benefit by reducing the cost due to head loss. Each kWh loss due to friction was estimated at 
0,6 NOK/kWh.  
The result of this thesis may be a very good start to plan some new electrical resources, but 
they should be followed by some deeper environmental and economic analysis to ensure the 
reliability of the projects. The Trøndelag region can play a very strong role in the 
development of a green European electricity grid. 
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Project 1
Reservoir Namsvatn Tunnsjø
Volume 458 440 million m3 power generation with max power  24 hours/day
HRWL 454 357,64 masl pumping with max power 24 hours/day
LRWL 440 352,64 masl gross pressure head 101,36 m
HRWL‐LRWL 14 5 m Tunnel length 19,8 km
area 39,44 100,46 km² number of unit
effective area 32,71 88 km² efficiency 80 %
start level 100 0 % access tunnel 1200 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 72,3 ‐0,2 ‐0,7 ‐1,7 58,3 0,37 56,0 90,87 27,3 0,540 16555 0,56 520,8 7204,0
‐2 144,6 ‐0,5 ‐1,4 ‐3,4 29,2 0,74 28,0 181,75 54,5 1,080 26894 1,11 774,5 5357,2
‐3 216,9 ‐0,7 ‐2,2 ‐5,0 19,4 1,12 18,7 272,62 81,8 1,619 35721 1,66 1008,4 4650,0
‐4 289,1 ‐1,0 ‐2,9 ‐6,7 14,6 1,49 14,0 363,49 109,0 2,159 43690 2,20 1231,1 4257,8
‐5 361,4 ‐1,2 ‐3,6 ‐8,4 11,7 1,86 11,2 454,37 136,3 2,699 51076 2,75 1446,3 4001,5
‐6 433,7 ‐1,4 ‐4,3 ‐10,1 9,7 2,23 9,3 545,24 163,6 3,239 58029 3,30 1655,8 3817,7
‐7 506,0 ‐1,7 ‐5,0 ‐11,8 8,3 2,60 8,0 636,11 190,8 3,779 64640 3,84 1860,9 3677,6
‐8 578,3 ‐1,9 ‐5,8 ‐13,4 7,3 2,97 7,0 726,98 218,1 4,318 70974 4,39 2062,4 3566,4
‐9 650,6 ‐2,2 ‐6,5 ‐15,1 6,5 3,35 6,2 817,86 245,4 4,858 77074 4,94 2260,9 3475,2
‐10 722,9 ‐2,4 ‐7,2 ‐16,8 5,8 3,72 5,6 908,73 272,6 5,398 82973 5,48 2456,8 3398,6
‐11 795,2 ‐2,6 ‐7,9 ‐18,5 5,3 4,09 5,1 999,60 299,9 5,938 88697 6,03 2650,4 3333,1
‐12 867,4 ‐2,9 ‐8,6 ‐20,2 4,9 4,46 4,7 1090,48 327,1 6,477 94268 6,57 2842,0 3276,3
‐13 939,7 ‐3,1 ‐9,4 ‐21,8 4,5 4,83 4,3 1181,35 354,4 7,017 99700 7,12 3031,8 3226,2
Project costs 
Reconnaissance Study The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-A-1
Project 2
Reservoir Raentsere Huddingsvatnet
Volume 23,65 33,15 million m3 power generation with max power  24 hours/day
HRWL 542 464 masl pumping with max power 0 hours/day
LRWL 537 459 masl gross pressure head 83 m
HRWL‐LRWL 5 5 m Tunnel length 4,53 km
area 4,73 6,63 km² number of unit
effective area 4,73 6,63 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 300 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 8,6 ‐0,2 ‐0,7 ‐1,7 20,8 0,71 29,2 13,14 3,9 0,018 3869 0,02 125,3 14639,9
‐2 17,1 ‐0,5 ‐1,4 ‐3,4 10,4 1,43 14,6 26,28 7,9 0,036 6286 0,04 155,9 9107,0
‐3 25,7 ‐0,7 ‐2,2 ‐5,0 6,9 2,14 9,7 39,42 11,8 0,054 8349 0,06 187,4 7300,3
‐4 34,2 ‐1,0 ‐2,9 ‐6,7 5,2 2,85 7,3 52,56 15,8 0,071 10211 0,08 212,9 6219,9
‐5 42,8 ‐1,2 ‐3,6 ‐8,4 4,2 3,57 5,8 65,69 19,7 0,089 11937 0,10 236,9 5535,2
‐6 51,4 ‐1,4 ‐4,3 ‐10,1 3,5 4,28 4,9 78,83 23,7 0,107 13562 0,12 266,8 5196,1
‐7 59,9 ‐1,7 ‐5,0 ‐11,8 3,0 4,99 4,2 91,97 27,6 0,125 15108 0,14 289,4 4830,9
‐8 68,5 ‐1,9 ‐5,8 ‐13,4 2,6 5,71 3,7 105,11 31,5 0,143 16588 0,16 311,2 4545,7
‐9 77,0 ‐2,2 ‐6,5 ‐15,1 2,3 6,42 3,2 118,25 35,5 0,161 18013 0,18 332,4 4315,3
‐10 85,6 ‐2,4 ‐7,2 ‐16,8 2,1 7,13 2,9 131,39 39,4 0,179 19392 0,20 353,0 4124,5
‐11 94,1 ‐2,6 ‐7,9 ‐18,5 1,9 7,85 2,7 144,53 43,4 0,196 20730 0,22 373,1 3963,3
‐12 102,7 ‐2,9 ‐8,6 ‐20,2 1,7 8,56 2,4 157,67 47,3 0,214 22032 0,24 392,8 3824,7
‐13 111,3 ‐3,1 ‐9,4 ‐21,8 1,6 9,27 2,2 170,81 51,2 0,232 23302 0,26 412,1 3704,0
Project costs 
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Project 3
Reservoir Raentsere Stor Blasjon
Volume 23,65 527,1 million m3 power generation with max power  24 hours/day
HRWL 542 437 masl pumping with max power 24 hours/day
LRWL 537 424 masl gross pressure head 118 m
HRWL‐LRWL 5 13 m Tunnel length 10,6 km
area 4,73 40,5 km² number of unit
effective area 4,73 40,5 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 400 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 12,2 ‐0,2 ‐0,7 ‐1,7 20,8 0,12 464,3 13,14 27,3 0,289 4613 0,29 485,7 7141,1
‐2 24,3 ‐0,5 ‐1,4 ‐3,4 10,4 0,23 232,2 26,28 54,5 0,578 7495 0,59 728,9 5359,2
‐3 36,5 ‐0,7 ‐2,2 ‐5,0 6,9 0,35 154,8 39,42 81,8 0,867 9954 0,88 953,5 4673,7
‐4 48,7 ‐1,0 ‐2,9 ‐6,7 5,2 0,47 116,1 52,56 109,0 1,156 12175 1,17 1167,7 4292,3
‐5 60,8 ‐1,2 ‐3,6 ‐8,4 4,2 0,58 92,9 65,69 136,3 1,445 14233 1,46 1374,7 4042,6
‐6 73,0 ‐1,4 ‐4,3 ‐10,1 3,5 0,70 77,4 78,83 163,6 1,734 16171 1,75 1576,4 3863,2
‐7 85,2 ‐1,7 ‐5,0 ‐11,8 3,0 0,82 66,3 91,97 190,8 2,023 18014 2,04 1773,9 3726,3
‐8 97,3 ‐1,9 ‐5,8 ‐13,4 2,6 0,93 58,0 105,11 218,1 2,312 19778 2,33 1968,1 3617,4
‐9 109,5 ‐2,2 ‐6,5 ‐15,1 2,3 1,05 51,6 118,25 245,4 2,601 21478 2,62 2159,5 3528,1
‐10 121,7 ‐2,4 ‐7,2 ‐16,8 2,1 1,17 46,4 131,39 272,6 2,890 23122 2,91 2348,4 3453,1
‐11 133,8 ‐2,6 ‐7,9 ‐18,5 1,9 1,28 42,2 144,53 299,9 3,179 24718 3,20 2535,1 3388,8
‐12 146,0 ‐2,9 ‐8,6 ‐20,2 1,7 1,40 38,7 157,67 327,1 3,468 26270 3,49 2720,0 3333,0
‐13 158,2 ‐3,1 ‐9,4 ‐21,8 1,6 1,52 35,7 170,81 354,4 3,757 27784 3,78 2903,3 3283,8
Project costs 
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Project 4
Reservoir Limingen Tunnsjø
Volume 490 440 million m3 power generation with max power  24 hours/day
HRWL 417,7 357,64 masl pumping with max power hours/day
LRWL 409 352,64 masl gross pressure head 65,06 m
HRWL‐LRWL 8,7 5 m Tunnel length 2,83 km
area 93,27 100,46 km²
effective area 56,32 88 km² efficiency 80 %
start level 100 0 % access tunnel 500 m
other inflow 0 0 m3 adit tunnel 100 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 79,9 ‐0,2 ‐0,7 ‐1,7 36,3 0,64 32,6 156,45 78,2 0,221 19401 0,24 327,1 4094,8
‐2 159,8 ‐0,5 ‐1,4 ‐3,4 18,1 1,28 16,3 312,90 156,4 0,443 31517 0,47 504,2 3155,9
‐3 239,6 ‐0,7 ‐2,2 ‐5,0 12,1 1,92 10,9 469,35 234,7 0,664 41860 0,71 664,8 2774,1
‐4 319,5 ‐1,0 ‐2,9 ‐6,7 9,1 2,56 8,1 625,80 312,9 0,886 51199 0,94 818,2 2560,5
‐5 399,4 ‐1,2 ‐3,6 ‐8,4 7,2 3,20 6,5 782,25 391,1 1,107 59854 1,17 968,1 2423,8
‐6 479,3 ‐1,4 ‐4,3 ‐10,1 6,0 3,84 5,4 938,70 469,3 1,328 68002 1,40 1116,7 2329,9
‐7 559,2 ‐1,7 ‐5,0 ‐11,8 5,2 4,48 4,7 1095,15 547,6 1,550 75751 1,63 1265,2 2262,6
‐8 639,1 ‐1,9 ‐5,8 ‐13,4 4,5 5,12 4,1 1251,60 375,5 1,063 83173 1,15 1397,6 2187,0
‐9 718,9 ‐2,2 ‐6,5 ‐15,1 4,0 5,76 3,6 1408,05 422,4 1,195 90321 1,29 1526,4 2123,1
‐10 798,8 ‐2,4 ‐7,2 ‐16,8 3,6 6,40 3,3 1564,50 469,3 1,328 97234 1,43 1652,4 2068,6
‐11 878,7 ‐2,6 ‐7,9 ‐18,5 3,3 7,04 3,0 1720,95 516,3 1,461 103942 1,57 1776,1 2021,3
‐12 958,6 ‐2,9 ‐8,6 ‐20,2 3,0 7,68 2,7 1877,39 563,2 1,594 110470 1,70 1897,7 1979,7
‐13 1 038,5 ‐3,1 ‐9,4 ‐21,8 2,8 8,32 2,5 2033,84 610,2 1,727 116836 1,84 2017,5 1942,8
Project costs 
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Project 5
Reservoir Limingen frostviken
Volume 490 440 million m3 power generation with max power  24 hours/day
HRWL 417,7 313 masl pumping with max power hours/day
LRWL 409 303 masl gross pressure head 114,70 m
HRWL‐LRWL 8,7 10 m Tunnel length 5,59 km
area 93,27 66,12 km²
effective area 56,32 44 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 300 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 140,8 ‐0,2 ‐0,7 ‐1,7 36,3 1,28 32,6 156,45 46,9 0,262 25760 0,29 455,4 3449,3
‐2 281,7 ‐0,5 ‐1,4 ‐3,4 18,1 2,56 16,3 312,90 93,9 0,525 41847 0,57 707,4 2679,2
‐3 422,5 ‐0,7 ‐2,2 ‐5,0 12,1 3,84 10,9 469,35 140,8 0,787 55581 0,84 930,8 2350,2
‐4 563,3 ‐1,0 ‐2,9 ‐6,7 9,1 5,12 8,1 625,80 187,7 1,049 67980 1,12 1137,9 2154,9
‐5 704,2 ‐1,2 ‐3,6 ‐8,4 7,2 6,40 6,5 782,25 234,7 1,312 79473 1,39 1334,0 2020,9
‐6 845,0 ‐1,4 ‐4,3 ‐10,1 6,0 7,68 5,4 938,70 281,6 1,574 90292 1,66 1521,8 1921,2
‐7 985,8 ‐1,7 ‐5,0 ‐11,8 5,2 8,96 4,7 1095,15 328,5 1,837 100580 1,94 1703,1 1842,9
‐8 1 126,6 ‐1,9 ‐5,8 ‐13,4 4,5 10,24 4,1 1251,60 375,5 2,099 110434 2,21 1879,1 1779,2
‐9 1 267,5 ‐2,2 ‐6,5 ‐15,1 4,0 11,52 3,6 1408,05 422,4 2,361 119925 2,48 2050,7 1725,9
‐10 1 408,3 ‐2,4 ‐7,2 ‐16,8 3,6 12,80 3,3 1564,50 469,3 2,624 129105 2,75 2218,3 1680,3
‐11 1 549,1 ‐2,6 ‐7,9 ‐18,5 3,3 14,08 3,0 1720,95 516,3 2,886 138012 3,02 2382,6 1640,7
‐12 1 690,0 ‐2,9 ‐8,6 ‐20,2 3,0 15,36 2,7 1877,39 563,2 3,148 146679 3,30 2544,0 1605,8
‐13 1 830,8 ‐3,1 ‐9,4 ‐21,8 2,8 16,64 2,5 2033,84 610,2 3,411 155132 3,57 2702,7 1574,7
Project costs 
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Project 6
Reservoir Ingelsvatnet Tunnsjø
Volume 35,65 440 million m3 power generation with max power  24 hours/day
HRWL 460 357,64 masl pumping with max power 0 hours/day
LRWL 455 352,64 masl gross pressure head 103,61 m
HRWL‐LRWL 5 5 m Tunnel length 1,8 km
area 7,13 100,46 km² number of unit
effective area 7,13 88 km² efficiency 80 %
start level 75 50 % access tunnel 400 m
other inflow 0 0 m3 adit tunnel 300 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 16,1 ‐0,2 ‐0,7 ‐1,7 15,6 0,08 128,6 19,81 9,9 0,018 5762 0,02 115,1 7146,5
‐2 32,2 ‐0,5 ‐1,4 ‐3,4 7,8 0,16 64,3 39,61 19,8 0,036 9360 0,05 161,2 5005,8
‐3 48,3 ‐0,7 ‐2,2 ‐5,0 5,2 0,24 42,9 59,42 29,7 0,053 12432 0,07 197,7 4091,5
‐4 64,4 ‐1,0 ‐2,9 ‐6,7 3,9 0,32 32,1 79,22 39,6 0,071 15205 0,09 239,0 3709,7
‐5 80,5 ‐1,2 ‐3,6 ‐8,4 3,1 0,41 25,7 99,03 49,5 0,089 17776 0,11 270,9 3364,6
‐6 96,6 ‐1,4 ‐4,3 ‐10,1 2,6 0,49 21,4 118,83 59,4 0,107 20196 0,13 301,1 3115,9
‐7 112,7 ‐1,7 ‐5,0 ‐11,8 2,2 0,57 18,4 138,64 69,3 0,125 22497 0,15 329,8 2925,9
‐8 128,8 ‐1,9 ‐5,8 ‐13,4 2,0 0,65 16,1 158,44 79,2 0,143 24701 0,17 357,5 2774,6
‐9 144,9 ‐2,2 ‐6,5 ‐15,1 1,7 0,73 14,3 178,25 89,1 0,160 26824 0,19 384,1 2650,3
‐10 161,0 ‐2,4 ‐7,2 ‐16,8 1,6 0,81 12,9 198,06 99,0 0,178 28877 0,21 410,0 2545,9
‐11 177,1 ‐2,6 ‐7,9 ‐18,5 1,4 0,89 11,7 217,86 108,9 0,196 30869 0,23 435,2 2456,6
‐12 193,3 ‐2,9 ‐8,6 ‐20,2 1,3 0,97 10,7 237,67 118,8 0,214 32808 0,25 459,8 2379,0
‐13 209,4 ‐3,1 ‐9,4 ‐21,8 1,2 1,05 9,9 257,47 128,7 0,232 34698 0,27 483,8 2310,8
Project costs 
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Project 7
Reservoir Havdalsvatnet Ingelsvatnet
Volume 40,4 35,65 million m3 power generation with max power  24 hours/day
HRWL 594 460 masl pumping with max power 0 hours/day
LRWL 589 455 masl gross pressure head 139 m
HRWL‐LRWL 5 5 m Tunnel length 4,16 km
area 8,08 7,13 km² number of unit
effective area 8,08 7,13 km² efficiency 80 %
start level 100 0 % access tunnel 900 m
other inflow 0 0 m3 adit tunnel 300 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 24,5 ‐0,2 ‐0,7 ‐1,7 20,8 1,13 18,4 22,44 6,7 0,028 7284 0,04 180,3 7362,8
‐2 49,0 ‐0,5 ‐1,4 ‐3,4 10,4 2,27 9,2 44,89 13,5 0,056 11833 0,07 249,3 5092,0
‐3 73,5 ‐0,7 ‐2,2 ‐5,0 6,9 3,40 6,1 67,33 20,2 0,084 15717 0,10 305,2 4155,0
‐4 97,9 ‐1,0 ‐2,9 ‐6,7 5,2 4,53 4,6 89,78 26,9 0,112 19223 0,13 367,0 3747,2
‐5 122,4 ‐1,2 ‐3,6 ‐8,4 4,2 5,67 3,7 112,22 33,7 0,140 22473 0,16 416,4 3401,2
‐6 146,9 ‐1,4 ‐4,3 ‐10,1 3,5 6,80 3,1 134,67 40,4 0,168 25532 0,19 463,2 3153,2
‐7 171,4 ‐1,7 ‐5,0 ‐11,8 3,0 7,93 2,6 157,11 47,1 0,196 28441 0,22 508,1 2964,4
‐8 195,9 ‐1,9 ‐5,8 ‐13,4 2,6 9,07 2,3 179,56 53,9 0,224 31228 0,26 551,3 2814,5
‐9 220,4 ‐2,2 ‐6,5 ‐15,1 2,3 10,20 2,0 202,00 60,6 0,252 33912 0,29 593,1 2691,7
‐10 244,8 ‐2,4 ‐7,2 ‐16,8 2,1 11,33 1,8 224,44 67,3 0,280 36507 0,32 633,8 2588,6
‐11 269,3 ‐2,6 ‐7,9 ‐18,5 1,9 12,47 1,7 246,89 74,1 0,308 39026 0,35 673,4 2500,5
‐12 293,8 ‐2,9 ‐8,6 ‐20,2 1,7 13,60 1,5 269,33 80,8 0,336 41477 0,38 712,2 2424,0
‐13 318,3 ‐3,1 ‐9,4 ‐21,8 1,6 14,73 1,4 291,78 87,5 0,364 43867 0,41 750,1 2356,7
Project costs 
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Project 8
Reservoir
Stortissvatnet ‐ 
Litltissvatnet Laksjøen
Volume 34,35 95,8 million m3 power generation with max power  24 hours/day
HRWL 502 398 masl pumping with max power 0 hours/day
LRWL 497 393 masl gross pressure head 109 m
HRWL‐LRWL 5 5 m Tunnel length 7,12 km
area 6,87 19,16 km² number of unit
effective area 6,87 19,16 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 16,3 ‐0,2 ‐0,7 ‐1,7 20,8 0,36 58,1 19,08 5,7 0,041 5758 0,05 177,4 10870,0
‐2 32,6 ‐0,5 ‐1,4 ‐3,4 10,4 0,72 29,1 38,17 11,5 0,082 9354 0,09 233,3 7146,8
‐3 49,0 ‐0,7 ‐2,2 ‐5,0 6,9 1,08 19,4 57,25 17,2 0,122 12424 0,13 279,1 5699,1
‐4 65,3 ‐1,0 ‐2,9 ‐6,7 5,2 1,43 14,5 76,33 22,9 0,163 15195 0,18 321,2 4919,4
‐5 81,6 ‐1,2 ‐3,6 ‐8,4 4,2 1,79 11,6 95,42 28,6 0,204 17764 0,22 370,5 4538,9
‐6 97,9 ‐1,4 ‐4,3 ‐10,1 3,5 2,15 9,7 114,50 34,4 0,245 20183 0,26 409,5 4180,4
‐7 114,3 ‐1,7 ‐5,0 ‐11,8 3,0 2,51 8,3 133,58 40,1 0,285 22482 0,31 446,9 3911,1
‐8 130,6 ‐1,9 ‐5,8 ‐13,4 2,6 2,87 7,3 152,67 45,8 0,326 24685 0,35 483,2 3699,7
‐9 146,9 ‐2,2 ‐6,5 ‐15,1 2,3 3,23 6,5 171,75 51,5 0,367 26806 0,39 518,4 3528,2
‐10 163,2 ‐2,4 ‐7,2 ‐16,8 2,1 3,59 5,8 190,83 57,3 0,408 28858 0,44 552,7 3385,6
‐11 179,6 ‐2,6 ‐7,9 ‐18,5 1,9 3,94 5,3 209,92 63,0 0,448 30849 0,48 586,2 3264,7
‐12 195,9 ‐2,9 ‐8,6 ‐20,2 1,7 4,30 4,8 229,00 68,7 0,489 32787 0,52 619,1 3160,4
‐13 212,2 ‐3,1 ‐9,4 ‐21,8 1,6 4,66 4,5 248,08 74,4 0,530 34676 0,56 651,4 3069,3
Project costs 
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Project 9
Reservoir Sandsjøen Kvejøen
Volume 75,05 94,55 million m3 power generation with max power  24 hours/day
HRWL 410 320 masl pumping with max power 0 hours/day
LRWL 405 315 masl gross pressure head 95 m
HRWL‐LRWL 5 5 m Tunnel length 5,1 km
area 15,01 18,91 km² number of unit
effective area 15,01 18,91 km² efficiency 80 %
start level 100 0 % access tunnel 900 m
other inflow 0 0 m3 adit tunnel 400 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 31,1 ‐0,2 ‐0,7 ‐1,7 20,8 0,79 26,2 41,69 12,5 0,064 9290 0,07 208,5 6981,8
‐2 62,2 ‐0,5 ‐1,4 ‐3,4 10,4 1,59 13,1 83,39 25,0 0,128 15092 0,14 297,1 4975,2
‐3 93,3 ‐0,7 ‐2,2 ‐5,0 6,9 2,38 8,7 125,08 37,5 0,191 20045 0,21 370,4 4135,4
‐4 124,3 ‐1,0 ‐2,9 ‐6,7 5,2 3,18 6,6 166,78 50,0 0,255 24516 0,28 438,0 3667,3
‐5 155,4 ‐1,2 ‐3,6 ‐8,4 4,2 3,97 5,2 208,47 62,5 0,319 28661 0,35 501,7 3360,4
‐6 186,5 ‐1,4 ‐4,3 ‐10,1 3,5 4,76 4,4 250,17 75,1 0,383 32563 0,42 562,5 3139,7
‐7 217,6 ‐1,7 ‐5,0 ‐11,8 3,0 5,56 3,7 291,86 87,6 0,447 36273 0,48 621,0 2971,1
‐8 248,7 ‐1,9 ‐5,8 ‐13,4 2,6 6,35 3,3 333,56 100,1 0,510 39827 0,55 677,7 2837,0
‐9 279,8 ‐2,2 ‐6,5 ‐15,1 2,3 7,14 2,9 375,25 112,6 0,574 43250 0,62 732,8 2726,8
‐10 310,9 ‐2,4 ‐7,2 ‐16,8 2,1 7,94 2,6 416,94 125,1 0,638 46560 0,68 786,5 2634,2
‐11 341,9 ‐2,6 ‐7,9 ‐18,5 1,9 8,73 2,4 458,64 137,6 0,702 49773 0,75 839,2 2554,9
‐12 373,0 ‐2,9 ‐8,6 ‐20,2 1,7 9,53 2,2 500,33 150,1 0,766 52898 0,82 890,7 2486,0
‐13 404,1 ‐3,1 ‐9,4 ‐21,8 1,6 10,32 2,0 542,03 162,6 0,829 55947 0,89 941,4 2425,3
Project costs 
Reconnaissance Study The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-A-9
Project 10
Reservoir Sørungen Slindvatn
Volume 65 37 million m3 power generation with max power  24 hours/day
HRWL 459 359,25 masl pumping with max power 0 hours/day
LRWL 447,5 349 masl gross pressure head 110 m
HRWL‐LRWL 11,5 10,25 m Tunnel length 1 km
area 7,78 4,21 km² number of unit
effective area 5,65 3,61 km² efficiency 80 %
start level 100 0 % access tunnel 300 m
other inflow 0 0 m3 adit tunnel 0 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 13,6 ‐0,2 ‐0,7 ‐1,7 47,9 1,57 27,3 15,70 7,9 0,008 5046 0,01 87,3 6441,3
‐2 27,1 ‐0,5 ‐1,4 ‐3,4 24,0 3,13 13,6 31,40 15,7 0,016 8197 0,02 127,2 4692,9
‐3 40,7 ‐0,7 ‐2,2 ‐5,0 16,0 4,70 9,1 47,10 23,6 0,024 10887 0,03 158,4 3896,7
‐4 54,2 ‐1,0 ‐2,9 ‐6,7 12,0 6,26 6,8 62,80 31,4 0,031 13316 0,04 186,6 3442,0
‐5 67,8 ‐1,2 ‐3,6 ‐8,4 9,6 7,83 5,5 78,50 39,3 0,039 15567 0,05 221,2 3264,6
‐6 81,3 ‐1,4 ‐4,3 ‐10,1 8,0 9,39 4,5 94,20 47,1 0,047 17686 0,06 246,8 3035,1
‐7 94,9 ‐1,7 ‐5,0 ‐11,8 6,8 10,96 3,9 109,90 55,0 0,055 19702 0,07 271,1 2857,8
‐8 108,4 ‐1,9 ‐5,8 ‐13,4 6,0 12,53 3,4 125,60 62,8 0,063 21632 0,08 294,4 2715,2
‐9 122,0 ‐2,2 ‐6,5 ‐15,1 5,3 14,09 3,0 141,30 70,7 0,071 23491 0,09 316,8 2597,3
‐10 135,5 ‐2,4 ‐7,2 ‐16,8 4,8 15,66 2,7 157,00 78,5 0,079 25289 0,10 338,5 2497,5
‐11 149,1 ‐2,6 ‐7,9 ‐18,5 4,4 17,22 2,5 172,71 86,4 0,086 27034 0,11 359,5 2411,5
‐12 162,6 ‐2,9 ‐8,6 ‐20,2 4,0 18,79 2,3 188,41 94,2 0,094 28732 0,12 380,0 2336,4
‐13 176,2 ‐3,1 ‐9,4 ‐21,8 3,7 20,36 2,1 204,11 102,1 0,102 30387 0,13 400,0 2270,0
Project costs 
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Project 11a
Reservoir Samsjøen selbusjøen
Volume 11,3 37 million m3 power generation with max power  24 hours/day
HRWL 486,7 161,3 masl pumping with max power 0 hours/day
LRWL 473 155 masl gross pressure head 331,7 m
HRWL‐LRWL 13,7 6,3 m Tunnel length 17,7 km
area 10,05 57,97 km² number of unit
effective area 0,82 5,87 km² efficiency 80 %
start level 100 0 % access tunnel 300 m
other inflow 0 0 m3 adit tunnel 0 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 6,0 ‐0,2 ‐0,7 ‐1,7 57,1 0,14 186,9 16,31 4,9 0,087 9000 0,10 204,6 34303,0
‐2 84,9 ‐0,5 ‐1,4 ‐3,4 28,5 0,28 93,5 32,63 9,8 0,173 14621 0,19 369,4 4349,5
‐3 127,4 ‐0,7 ‐2,2 ‐5,0 19,0 0,42 62,3 48,94 14,7 0,260 19420 0,28 451,7 3545,8
‐4 169,9 ‐1,0 ‐2,9 ‐6,7 14,3 0,56 46,7 65,26 19,6 0,347 23752 0,37 527,9 3107,6
‐5 212,3 ‐1,2 ‐3,6 ‐8,4 11,4 0,70 37,4 81,57 24,5 0,433 27768 0,46 599,9 2825,3
‐6 254,8 ‐1,4 ‐4,3 ‐10,1 9,5 0,84 31,2 97,88 29,4 0,520 31548 0,55 668,9 2625,0
‐7 297,3 ‐1,7 ‐5,0 ‐11,8 8,2 0,98 26,7 114,20 34,3 0,606 35142 0,64 735,5 2474,0
‐8 339,7 ‐1,9 ‐5,8 ‐13,4 7,1 1,12 23,4 130,51 39,2 0,693 38586 0,73 800,1 2355,0
‐9 382,2 ‐2,2 ‐6,5 ‐15,1 6,3 1,26 20,8 146,83 44,0 0,780 41902 0,82 863,1 2258,2
‐10 424,7 ‐2,4 ‐7,2 ‐16,8 5,7 1,40 18,7 163,14 48,9 0,866 45109 0,91 924,8 2177,5
‐11 467,1 ‐2,6 ‐7,9 ‐18,5 5,2 1,54 17,0 179,45 53,8 0,953 48221 1,00 985,2 2109,0
‐12 509,6 ‐2,9 ‐8,6 ‐20,2 4,8 1,69 15,6 195,77 58,7 1,040 51249 1,09 1044,6 2049,7
‐13 552,1 ‐3,1 ‐9,4 ‐21,8 4,4 1,83 14,4 212,08 63,6 1,126 54203 1,18 1103,0 1997,9
Project costs 
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Project 11b
Reservoir HOLTSJØEN Selbusjøen
Volume 7 348 million m3 power generation with max power  24 hours/day
HRWL 544 161,3 masl pumping with max power 0 hours/day
LRWL 543 155 masl gross pressure head 389 m
HRWL‐LRWL 1 6,3 m Tunnel length 15,9 km
area 7,39 57,97 km² number of unit
effective area 7,00 55,24 km² efficiency 80 %
start level 100 0 % access tunnel 300 m
other inflow 0 0 m3 adit tunnel 0 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 59,4 ‐0,2 ‐0,7 ‐1,7 4,2 0,13 207,1 19,44 5,8 0,093 11021 0,10 284,2 4788,4
‐2 118,7 ‐0,5 ‐1,4 ‐3,4 2,1 0,25 103,6 38,89 11,7 0,186 17904 0,20 402,1 3386,6
‐3 178,1 ‐0,7 ‐2,2 ‐5,0 1,4 0,38 69,0 58,33 17,5 0,278 23780 0,30 498,4 2798,7
‐4 237,4 ‐1,0 ‐2,9 ‐6,7 1,0 0,51 51,8 77,78 23,3 0,371 29085 0,40 587,4 2473,7
‐5 296,8 ‐1,2 ‐3,6 ‐8,4 0,8 0,63 41,4 97,22 29,2 0,464 34002 0,50 671,4 2261,9
‐6 356,2 ‐1,4 ‐4,3 ‐10,1 0,7 0,76 34,5 116,67 35,0 0,557 38631 0,60 751,7 2110,5
‐7 415,5 ‐1,7 ‐5,0 ‐11,8 0,6 0,89 29,6 136,11 40,8 0,649 43033 0,69 829,2 1995,5
‐8 474,9 ‐1,9 ‐5,8 ‐13,4 0,5 1,01 25,9 155,56 46,7 0,742 47249 0,79 904,3 1904,3
‐9 534,3 ‐2,2 ‐6,5 ‐15,1 0,5 1,14 23,0 175,00 52,5 0,835 51310 0,89 977,6 1829,8
‐10 593,6 ‐2,4 ‐7,2 ‐16,8 0,4 1,27 20,7 194,44 58,3 0,928 55237 0,98 1049,1 1767,4
‐11 653,0 ‐2,6 ‐7,9 ‐18,5 0,4 1,39 18,8 213,89 64,2 1,020 59048 1,08 1119,3 1714,1
‐12 712,3 ‐2,9 ‐8,6 ‐20,2 0,3 1,52 17,3 233,33 70,0 1,113 62756 1,18 1188,2 1668,0
‐13 771,7 ‐3,1 ‐9,4 ‐21,8 0,3 1,65 15,9 252,78 75,8 1,206 66373 1,27 1255,9 1627,5
Project costs 
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Project 12
Reservoir Sørungen Selbusjøen
Volume 65 348 million m3 power generation with max power  24 hours/day
HRWL 459 161,3 masl pumping with max power 0 hours/day
LRWL 447,5 155 masl gross pressure head 304,0 m
HRWL‐LRWL 11,5 6,3 m Tunnel length 6,5 km
area 7,78 57,97 km² number of unit
effective area 5,65 55,24 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 300 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 37,5 ‐0,2 ‐0,7 ‐1,7 47,9 0,10 256,5 15,70 4,7 0,031 8388 0,04 205,0 5473,1
‐2 74,9 ‐0,5 ‐1,4 ‐3,4 24,0 0,20 128,3 31,40 9,4 0,061 13627 0,07 284,1 3792,6
‐3 112,4 ‐0,7 ‐2,2 ‐5,0 16,0 0,31 85,5 47,10 14,1 0,092 18099 0,11 347,3 3090,4
‐4 149,8 ‐1,0 ‐2,9 ‐6,7 12,0 0,41 64,1 62,80 18,8 0,122 22137 0,14 405,0 2702,7
‐5 187,3 ‐1,2 ‐3,6 ‐8,4 9,6 0,51 51,3 78,50 23,6 0,153 25879 0,18 458,9 2450,4
‐6 224,7 ‐1,4 ‐4,3 ‐10,1 8,0 0,61 42,8 94,20 28,3 0,184 29402 0,21 510,2 2270,1
‐7 262,2 ‐1,7 ‐5,0 ‐11,8 6,8 0,72 36,6 109,90 33,0 0,214 32752 0,25 559,3 2133,2
‐8 299,7 ‐1,9 ‐5,8 ‐13,4 6,0 0,82 32,1 125,60 37,7 0,245 35961 0,28 606,8 2024,8
‐9 337,1 ‐2,2 ‐6,5 ‐15,1 5,3 0,92 28,5 141,30 42,4 0,276 39052 0,31 652,7 1936,1
‐10 374,6 ‐2,4 ‐7,2 ‐16,8 4,8 1,02 25,7 157,00 47,1 0,306 42041 0,35 697,4 1861,9
‐11 412,0 ‐2,6 ‐7,9 ‐18,5 4,4 1,13 23,3 172,71 51,8 0,337 44942 0,38 741,1 1798,6
‐12 449,5 ‐2,9 ‐8,6 ‐20,2 4,0 1,23 21,4 188,41 56,5 0,367 47764 0,42 783,8 1743,8
‐13 487,0 ‐3,1 ‐9,4 ‐21,8 3,7 1,33 19,7 204,11 61,2 0,398 50517 0,45 825,7 1695,6
Project costs 
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Project 13
Reservoir
STORE 
BELLINGSJØ ØSTRUNGEN
Volume 4 6 million m3 power generation with max power  24 hours/day
HRWL 948 433,5 masl pumping with max power 0 hours/day
LRWL 944 429,5 masl gross pressure head 518,5 m
HRWL‐LRWL 4 4 m Tunnel length 17,37 km
area 1 1,67 km² number of unit
effective area 1,00 1,50 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 300 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 11,3 ‐0,2 ‐0,7 ‐1,7 16,7 0,67 25,0 2,78 0,8 0,014 3259 0,02 206,6 18275,4
‐2 22,6 ‐0,5 ‐1,4 ‐3,4 8,3 1,33 12,5 5,56 1,7 0,029 5294 0,03 236,1 10445,8
‐3 33,9 ‐0,7 ‐2,2 ‐5,0 5,6 2,00 8,3 8,33 2,5 0,043 7031 0,05 261,7 7716,3
‐4 45,2 ‐1,0 ‐2,9 ‐6,7 4,2 2,67 6,3 11,11 3,3 0,058 8600 0,07 289,4 6400,6
‐5 56,5 ‐1,2 ‐3,6 ‐8,4 3,3 3,33 5,0 13,89 4,2 0,072 10054 0,08 311,8 5517,1
‐6 67,8 ‐1,4 ‐4,3 ‐10,1 2,8 4,00 4,2 16,67 5,0 0,087 11423 0,10 333,1 4910,9
‐7 79,1 ‐1,7 ‐5,0 ‐11,8 2,4 4,67 3,6 19,44 5,8 0,101 12724 0,11 353,4 4466,4
‐8 90,4 ‐1,9 ‐5,8 ‐13,4 2,1 5,33 3,1 22,22 6,7 0,116 13971 0,13 373,0 4124,9
‐9 101,7 ‐2,2 ‐6,5 ‐15,1 1,9 6,00 2,8 25,00 7,5 0,130 15172 0,15 392,0 3853,2
‐10 113,0 ‐2,4 ‐7,2 ‐16,8 1,7 6,67 2,5 27,78 8,3 0,145 16333 0,16 422,8 3740,3
‐11 124,3 ‐2,6 ‐7,9 ‐18,5 1,5 7,33 2,3 30,56 9,2 0,159 17460 0,18 441,5 3551,2
‐12 135,6 ‐2,9 ‐8,6 ‐20,2 1,4 8,00 2,1 33,33 10,0 0,174 18556 0,19 459,9 3390,4
‐13 146,9 ‐3,1 ‐9,4 ‐21,8 1,3 8,67 1,9 36,11 10,8 0,188 19626 0,21 477,8 3251,8
Project costs 
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Project 14
Reservoir StorSlindvatn Selbusjøen
Volume 37 348 million m3 power generation with max power  24 hours/day
HRWL 359,25 161,3 masl pumping with max power 0 hours/day
LRWL 349 155 masl gross pressure head 204,3 m
HRWL‐LRWL 10,25 6,3 m Tunnel length 5,1 km
area 4,21 57,97 km² number of unit
effective area 3,61 55,24 km² efficiency 80 %
start level 100 0 % access tunnel 900 m
other inflow 0 0 m3 adit tunnel 300 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 16,1 ‐0,2 ‐0,7 ‐1,7 42,7 0,07 401,7 10,03 3,0 0,015 5023 0,02 154,7 9625,1
‐2 32,1 ‐0,5 ‐1,4 ‐3,4 21,4 0,13 200,8 20,05 6,0 0,031 8161 0,04 196,2 6101,9
‐3 48,2 ‐0,7 ‐2,2 ‐5,0 14,2 0,20 133,9 30,08 9,0 0,046 10839 0,06 239,2 4961,0
‐4 64,3 ‐1,0 ‐2,9 ‐6,7 10,7 0,26 100,4 40,11 12,0 0,061 13257 0,07 273,3 4251,6
‐5 80,4 ‐1,2 ‐3,6 ‐8,4 8,5 0,33 80,3 50,14 15,0 0,077 15498 0,09 305,2 3797,7
‐6 96,4 ‐1,4 ‐4,3 ‐10,1 7,1 0,39 66,9 60,16 18,0 0,092 17608 0,11 335,4 3477,6
‐7 112,5 ‐1,7 ‐5,0 ‐11,8 6,1 0,46 57,4 70,19 21,1 0,107 19614 0,13 364,2 3237,1
‐8 128,6 ‐1,9 ‐5,8 ‐13,4 5,3 0,52 50,2 80,22 24,1 0,123 21536 0,14 404,7 3147,6
‐9 144,7 ‐2,2 ‐6,5 ‐15,1 4,7 0,59 44,6 90,24 27,1 0,138 23387 0,16 432,6 2990,3
‐10 160,7 ‐2,4 ‐7,2 ‐16,8 4,3 0,65 40,2 100,27 30,1 0,153 25177 0,18 459,6 2859,3
‐11 176,8 ‐2,6 ‐7,9 ‐18,5 3,9 0,72 36,5 110,30 33,1 0,169 26914 0,20 485,9 2748,1
‐12 192,9 ‐2,9 ‐8,6 ‐20,2 3,6 0,78 33,5 120,33 36,1 0,184 28604 0,21 511,5 2652,2
‐13 208,9 ‐3,1 ‐9,4 ‐21,8 3,3 0,85 30,9 130,35 39,1 0,199 30253 0,23 536,6 2568,3
Project costs 
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Project 15
Reservoir Nesjø Selbusjøen
Volume 625 348 million m3 power generation with max power  24 hours/day
HRWL 729 161,3 masl pumping with max power 0 hours/day
LRWL 706 155 masl gross pressure head 574,0 m
HRWL‐LRWL 23 6,3 m Tunnel length 47,7 km
area 65,42 57,97 km² number of unit
effective area 27,17 55,24 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 800 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 340,0 ‐0,2 ‐0,7 ‐1,7 95,8 0,49 53,4 75,48 22,6 1,080 34598 1,11 1104,6 3248,4
‐2 680,1 ‐0,5 ‐1,4 ‐3,4 47,9 0,98 26,7 150,97 45,3 2,160 56204 2,22 1658,9 2439,3
‐3 1 020,1 ‐0,7 ‐2,2 ‐5,0 31,9 1,48 17,8 226,45 67,9 3,240 74651 3,32 2170,9 2128,2
‐4 1 360,1 ‐1,0 ‐2,9 ‐6,7 24,0 1,97 13,3 301,93 90,6 4,321 91304 4,41 2659,5 1955,3
‐5 1 700,2 ‐1,2 ‐3,6 ‐8,4 19,2 2,46 10,7 377,42 113,2 5,401 106740 5,51 3132,3 1842,4
‐6 2 040,2 ‐1,4 ‐4,3 ‐10,1 16,0 2,95 8,9 452,90 135,9 6,481 121270 6,60 3593,5 1761,4
‐7 2 380,2 ‐1,7 ‐5,0 ‐11,8 13,7 3,44 7,6 528,38 158,5 7,561 135088 7,70 4045,7 1699,7
‐8 2 720,3 ‐1,9 ‐5,8 ‐13,4 12,0 3,94 6,7 603,86 181,2 8,641 148324 8,79 4490,4 1650,7
‐9 3 060,3 ‐2,2 ‐6,5 ‐15,1 10,6 4,43 5,9 679,35 203,8 9,721 161071 9,88 4929,1 1610,6
‐10 3 400,3 ‐2,4 ‐7,2 ‐16,8 9,6 4,92 5,3 754,83 226,4 10,802 173400 10,98 5362,4 1577,0
‐11 3 740,4 ‐2,6 ‐7,9 ‐18,5 8,7 5,41 4,9 830,31 249,1 11,882 185363 12,07 5791,2 1548,3
‐12 4 080,4 ‐2,9 ‐8,6 ‐20,2 8,0 5,90 4,4 905,80 271,7 12,962 197004 13,16 6216,0 1523,4
‐13 4 420,4 ‐3,1 ‐9,4 ‐21,8 7,4 6,40 4,1 981,28 294,4 14,042 208357 14,25 6637,3 1501,5
Project costs 
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Project 16
Reservoir Finkoihøga Gammelvolljøen
Volume 46 5,7 million m3 power generation with max power  24 hours/day
HRWL 769 505 masl pumping with max power 0 hours/day
LRWL 758 500 masl gross pressure head 269,0 m
HRWL‐LRWL 11 5 m Tunnel length 11,4 km
area 6,05 1,14 km² number of unit
effective area 4,18 1,14 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 24,5 ‐0,2 ‐0,7 ‐1,7 45,8 3,67 5,7 11,62 3,5 0,040 6390 0,05 220,1 8976,3
‐2 49,0 ‐0,5 ‐1,4 ‐3,4 22,9 7,34 2,8 23,23 7,0 0,079 10381 0,09 278,5 5677,8
‐3 73,6 ‐0,7 ‐2,2 ‐5,0 15,3 11,00 1,9 34,85 10,5 0,119 13788 0,13 339,0 4607,5
‐4 98,1 ‐1,0 ‐2,9 ‐6,7 11,5 14,67 1,4 46,46 13,9 0,159 16864 0,18 387,8 3953,7
‐5 122,6 ‐1,2 ‐3,6 ‐8,4 9,2 18,34 1,1 58,08 17,4 0,199 19715 0,22 433,7 3537,3
‐6 147,1 ‐1,4 ‐4,3 ‐10,1 7,6 22,01 0,9 69,70 20,9 0,238 22399 0,26 477,4 3244,9
‐7 171,7 ‐1,7 ‐5,0 ‐11,8 6,5 25,68 0,8 81,31 24,4 0,278 24951 0,30 519,4 3025,9
‐8 196,2 ‐1,9 ‐5,8 ‐13,4 5,7 29,35 0,7 92,93 27,9 0,318 27396 0,35 560,0 2854,5
‐9 220,7 ‐2,2 ‐6,5 ‐15,1 5,1 33,01 0,6 104,55 31,4 0,358 29750 0,39 599,4 2715,9
‐10 245,2 ‐2,4 ‐7,2 ‐16,8 4,6 36,68 0,6 116,16 34,8 0,397 32027 0,43 637,8 2600,8
‐11 269,8 ‐2,6 ‐7,9 ‐18,5 4,2 40,35 0,5 127,78 38,3 0,437 34237 0,47 675,3 2503,4
‐12 294,3 ‐2,9 ‐8,6 ‐20,2 3,8 44,02 0,5 139,39 41,8 0,477 36387 0,51 712,0 2419,5
‐13 318,8 ‐3,1 ‐9,4 ‐21,8 3,5 47,69 0,4 151,01 45,3 0,516 38484 0,55 748,0 2346,4
Project costs 
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Project 17
Reservoir Nesjø Gammelvolljøen
Volume 625 5,7 million m3 power generation with max power  24 hours/day
HRWL 729 505 masl pumping with max power 0 hours/day
LRWL 706 500 masl gross pressure head 229,0 m
HRWL‐LRWL 23 5 m Tunnel length 11 km
area 65,42 1,14 km² number of unit
effective area 27,17 1,14 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 135,7 ‐0,2 ‐0,7 ‐1,7 95,8 23,84 0,9 75,48 22,6 0,249 21853 0,27 474,4 3497,2
‐2 271,3 ‐0,5 ‐1,4 ‐3,4 47,9 47,67 0,4 150,97 45,3 0,498 35500 0,53 729,9 2690,4
‐3 407,0 ‐0,7 ‐2,2 ‐5,0 31,9 71,51 0,3 226,45 67,9 0,747 47151 0,79 944,4 2320,5
‐4 542,6 ‐1,0 ‐2,9 ‐6,7 24,0 95,35 0,2 301,93 90,6 0,996 57670 1,05 1142,9 2106,3
‐5 678,3 ‐1,2 ‐3,6 ‐8,4 19,2 119,18 0,2 377,42 113,2 1,245 67420 1,31 1330,7 1961,9
‐6 813,9 ‐1,4 ‐4,3 ‐10,1 16,0 143,02 0,1 452,90 135,9 1,495 76598 1,57 1510,5 1855,7
‐7 949,6 ‐1,7 ‐5,0 ‐11,8 13,7 166,86 0,1 528,38 158,5 1,744 85326 1,83 1683,9 1773,3
‐8 1 085,3 ‐1,9 ‐5,8 ‐13,4 12,0 190,69 0,1 603,86 181,2 1,993 93686 2,09 1852,1 1706,6
‐9 1 220,9 ‐2,2 ‐6,5 ‐15,1 10,6 214,53 0,1 679,35 203,8 2,242 101737 2,34 2016,0 1651,2
‐10 1 356,6 ‐2,4 ‐7,2 ‐16,8 9,6 238,37 0,1 754,83 226,4 2,491 109524 2,60 2176,1 1604,1
‐11 1 492,2 ‐2,6 ‐7,9 ‐18,5 8,7 262,20 0,1 830,31 249,1 2,740 117081 2,86 2332,9 1563,4
‐12 1 627,9 ‐2,9 ‐8,6 ‐20,2 8,0 286,04 0,1 905,80 271,7 2,989 124434 3,11 2486,8 1527,6
‐13 1 763,5 ‐3,1 ‐9,4 ‐21,8 7,4 309,88 0,1 981,28 294,4 3,238 131605 3,37 2638,2 1495,9
Project costs 
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Project 18
Reservoir Sylsjøen Nesjø
Volume 187 625 million m3 power generation with max power  24 hours/day
HRWL 851 729 masl pumping with max power 0 hours/day
LRWL 831 706 masl gross pressure head 145,0 m
HRWL‐LRWL 20 23 m Tunnel length 5,1 km
area 17,72 65,42 km² number of unit
effective area 9,35 27,17 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 29,6 ‐0,2 ‐0,7 ‐1,7 83,3 0,34 278,5 25,97 7,8 0,040 8240 0,05 207,5 7022,3
‐2 59,1 ‐0,5 ‐1,4 ‐3,4 41,7 0,69 139,3 51,94 15,6 0,079 13386 0,09 287,9 4869,8
‐3 88,7 ‐0,7 ‐2,2 ‐5,0 27,8 1,03 92,8 77,92 23,4 0,119 17780 0,14 363,2 4096,7
‐4 118,2 ‐1,0 ‐2,9 ‐6,7 20,8 1,38 69,6 103,89 31,2 0,159 21746 0,18 425,0 3594,9
‐5 147,8 ‐1,2 ‐3,6 ‐8,4 16,7 1,72 55,7 129,86 39,0 0,199 25422 0,22 482,8 3267,3
‐6 177,3 ‐1,4 ‐4,3 ‐10,1 13,9 2,06 46,4 155,83 46,8 0,238 28883 0,27 537,8 3032,5
‐7 206,9 ‐1,7 ‐5,0 ‐11,8 11,9 2,41 39,8 181,81 54,5 0,278 32174 0,31 590,4 2853,7
‐8 236,4 ‐1,9 ‐5,8 ‐13,4 10,4 2,75 34,8 207,78 62,3 0,318 35327 0,35 641,2 2711,7
‐9 266,0 ‐2,2 ‐6,5 ‐15,1 9,3 3,10 30,9 233,75 70,1 0,358 38363 0,40 690,4 2595,4
‐10 295,6 ‐2,4 ‐7,2 ‐16,8 8,3 3,44 27,9 259,72 77,9 0,397 41299 0,44 738,2 2497,8
‐11 325,1 ‐2,6 ‐7,9 ‐18,5 7,6 3,78 25,3 285,69 85,7 0,437 44148 0,48 784,9 2414,3
‐12 354,7 ‐2,9 ‐8,6 ‐20,2 6,9 4,13 23,2 311,67 93,5 0,477 46921 0,52 830,6 2341,9
‐13 384,2 ‐3,1 ‐9,4 ‐21,8 6,4 4,47 21,4 337,64 101,3 0,517 49625 0,57 875,3 2278,2
Project costs 
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Project 19
Reservoir Nesjø Stuesjøen
Volume 625 50 million m3 power generation with max power  24 hours/day
HRWL 729 607,3 masl pumping with max power 0 hours/day
LRWL 706 599 masl gross pressure head 130,0 m
HRWL‐LRWL 23 8,3 m Tunnel length 5,92 km
area 65,42 6,74 km² number of unit
effective area 27,17 6,02 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 77,0 ‐0,2 ‐0,7 ‐1,7 95,8 4,51 7,7 75,48 22,6 0,134 16465 0,15 336,7 4372,3
‐2 154,0 ‐0,5 ‐1,4 ‐3,4 47,9 9,02 3,8 150,97 45,3 0,268 26748 0,29 508,7 3303,0
‐3 231,0 ‐0,7 ‐2,2 ‐5,0 31,9 13,53 2,6 226,45 67,9 0,402 35526 0,44 651,7 2821,0
‐4 308,0 ‐1,0 ‐2,9 ‐6,7 24,0 18,04 1,9 301,93 90,6 0,536 43452 0,58 783,6 2543,7
‐5 385,1 ‐1,2 ‐3,6 ‐8,4 19,2 22,55 1,5 377,42 113,2 0,670 50798 0,72 907,8 2357,6
‐6 462,1 ‐1,4 ‐4,3 ‐10,1 16,0 27,07 1,3 452,90 135,9 0,804 57713 0,86 1026,4 2221,2
‐7 539,1 ‐1,7 ‐5,0 ‐11,8 13,7 31,58 1,1 528,38 158,5 0,938 64288 1,00 1140,5 2115,6
‐8 616,1 ‐1,9 ‐5,8 ‐13,4 12,0 36,09 1,0 603,86 181,2 1,072 70587 1,14 1250,9 2030,5
‐9 693,1 ‐2,2 ‐6,5 ‐15,1 10,6 40,60 0,9 679,35 203,8 1,207 76654 1,28 1358,4 1959,8
‐10 770,1 ‐2,4 ‐7,2 ‐16,8 9,6 45,11 0,8 754,83 226,4 1,341 82521 1,42 1463,2 1899,9
‐11 847,1 ‐2,6 ‐7,9 ‐18,5 8,7 49,62 0,7 830,31 249,1 1,475 88214 1,56 1565,7 1848,2
‐12 924,1 ‐2,9 ‐8,6 ‐20,2 8,0 54,13 0,6 905,80 271,7 1,609 93754 1,70 1666,1 1802,9
‐13 1 001,1 ‐3,1 ‐9,4 ‐21,8 7,4 58,64 0,6 981,28 294,4 1,743 99157 1,84 1764,8 1762,8
Project costs 
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Project 20
Reservoir Riasten Stuesjøen
Volume 25,4 50 million m3 power generation with max power  24 hours/day
HRWL 805 607,3 masl pumping with max power 0 hours/day
LRWL 800 599 masl gross pressure head 206,0 m
HRWL‐LRWL 5 8,3 m Tunnel length 7,47 km
area 5,08 6,74 km² number of unit
effective area 5,08 6,02 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 22,8 ‐0,2 ‐0,7 ‐1,7 20,8 0,84 41,0 14,11 4,2 0,032 6408 0,04 193,4 8477,6
‐2 45,6 ‐0,5 ‐1,4 ‐3,4 10,4 1,69 20,5 28,22 8,5 0,063 10410 0,07 255,7 5605,1
‐3 68,4 ‐0,7 ‐2,2 ‐5,0 6,9 2,53 13,7 42,33 12,7 0,095 13826 0,11 306,0 4470,7
‐4 91,3 ‐1,0 ‐2,9 ‐6,7 5,2 3,37 10,3 56,44 16,9 0,126 16911 0,14 351,9 3856,3
‐5 114,1 ‐1,2 ‐3,6 ‐8,4 4,2 4,22 8,2 70,56 21,2 0,158 19770 0,18 394,9 3462,2
‐6 136,9 ‐1,4 ‐4,3 ‐10,1 3,5 5,06 6,8 84,67 25,4 0,190 22461 0,21 449,0 3280,5
‐7 159,7 ‐1,7 ‐5,0 ‐11,8 3,0 5,90 5,9 98,78 29,6 0,221 25020 0,25 489,5 3065,4
‐8 182,5 ‐1,9 ‐5,8 ‐13,4 2,6 6,75 5,1 112,89 33,9 0,253 27472 0,28 528,6 2896,1
‐9 205,3 ‐2,2 ‐6,5 ‐15,1 2,3 7,59 4,6 127,00 38,1 0,285 29833 0,31 566,4 2758,4
‐10 228,1 ‐2,4 ‐7,2 ‐16,8 2,1 8,43 4,1 141,11 42,3 0,316 32116 0,35 603,1 2643,7
‐11 250,9 ‐2,6 ‐7,9 ‐18,5 1,9 9,28 3,7 155,22 46,6 0,348 34332 0,38 639,0 2546,2
‐12 273,8 ‐2,9 ‐8,6 ‐20,2 1,7 10,12 3,4 169,33 50,8 0,379 36488 0,42 674,0 2462,0
‐13 296,6 ‐3,1 ‐9,4 ‐21,8 1,6 10,96 3,2 183,44 55,0 0,411 38591 0,45 708,3 2388,3
Project costs 
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Project 21
Reservoir Langen Stuesjøen
Volume 19,45 50 million m3 power generation with max power  24 hours/day
HRWL 773 607,3 masl pumping with max power 0 hours/day
LRWL 768 599 masl gross pressure head 174,0 m
HRWL‐LRWL 5 8,3 m Tunnel length 5,9 km
area 3,89 6,74 km² number of unit
effective area 3,89 6,02 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 14,8 ‐0,2 ‐0,7 ‐1,7 20,8 0,65 53,6 10,81 3,2 0,019 4886 0,02 162,6 11020,8
‐2 29,5 ‐0,5 ‐1,4 ‐3,4 10,4 1,29 26,8 21,61 6,5 0,038 7937 0,05 202,6 6864,2
‐3 44,3 ‐0,7 ‐2,2 ‐5,0 6,9 1,94 17,9 32,42 9,7 0,057 10542 0,07 244,1 5513,9
‐4 59,0 ‐1,0 ‐2,9 ‐6,7 5,2 2,58 13,4 43,22 13,0 0,077 12893 0,09 277,2 4695,7
‐5 73,8 ‐1,2 ‐3,6 ‐8,4 4,2 3,23 10,7 54,03 16,2 0,096 15073 0,11 308,1 4175,9
‐6 88,5 ‐1,4 ‐4,3 ‐10,1 3,5 3,87 8,9 64,83 19,5 0,115 17125 0,13 337,4 3811,3
‐7 103,3 ‐1,7 ‐5,0 ‐11,8 3,0 4,52 7,7 75,64 22,7 0,134 19076 0,15 365,5 3538,9
‐8 118,0 ‐1,9 ‐5,8 ‐13,4 2,6 5,17 6,7 86,44 25,9 0,153 20945 0,17 404,7 3428,4
‐9 132,8 ‐2,2 ‐6,5 ‐15,1 2,3 5,81 6,0 97,25 29,2 0,172 22745 0,19 431,9 3252,0
‐10 147,6 ‐2,4 ‐7,2 ‐16,8 2,1 6,46 5,4 108,06 32,4 0,191 24486 0,22 458,2 3105,6
‐11 162,3 ‐2,6 ‐7,9 ‐18,5 1,9 7,10 4,9 118,86 35,7 0,210 26176 0,24 484,0 2981,7
‐12 177,1 ‐2,9 ‐8,6 ‐20,2 1,7 7,75 4,5 129,67 38,9 0,230 27820 0,26 509,1 2875,1
‐13 191,8 ‐3,1 ‐9,4 ‐21,8 1,6 8,39 4,1 140,47 42,1 0,249 29423 0,28 533,7 2782,1
Project costs 
Reconnaissance Study The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-A-22
Project 22
Reservoir Fjellsjøen Rien
Volume 5,25 77,35 million m3 power generation with max power  24 hours/day
HRWL 948 748 masl pumping with max power 0 hours/day
LRWL 943 743 masl gross pressure head 205,0 m
HRWL‐LRWL 5 5 m Tunnel length 4,53 km
area 1,05 15,47 km² number of unit
effective area 1,05 15,47 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 4,7 ‐0,2 ‐0,7 ‐1,7 20,8 0,07 306,9 2,92 0,9 0,004 2120 0,01 121,0 25789,0
‐2 9,4 ‐0,5 ‐1,4 ‐3,4 10,4 0,14 153,5 5,83 1,8 0,008 3444 0,01 137,5 14647,1
‐3 14,1 ‐0,7 ‐2,2 ‐5,0 6,9 0,20 102,3 8,75 2,6 0,012 4575 0,02 153,7 10921,8
‐4 18,8 ‐1,0 ‐2,9 ‐6,7 5,2 0,27 76,7 11,67 3,5 0,016 5595 0,02 167,0 8899,0
‐5 23,5 ‐1,2 ‐3,6 ‐8,4 4,2 0,34 61,4 14,58 4,4 0,020 6541 0,03 179,4 7646,5
‐6 28,2 ‐1,4 ‐4,3 ‐10,1 3,5 0,41 51,2 17,50 5,3 0,024 7432 0,03 191,1 6787,3
‐7 32,8 ‐1,7 ‐5,0 ‐11,8 3,0 0,48 43,8 20,42 6,1 0,028 8279 0,04 202,3 6157,5
‐8 37,5 ‐1,9 ‐5,8 ‐13,4 2,6 0,54 38,4 23,33 7,0 0,032 9090 0,04 213,0 5673,5
‐9 42,2 ‐2,2 ‐6,5 ‐15,1 2,3 0,61 34,1 26,25 7,9 0,036 9871 0,05 223,3 5288,5
‐10 46,9 ‐2,4 ‐7,2 ‐16,8 2,1 0,68 30,7 29,17 8,8 0,040 10627 0,05 240,5 5124,8
‐11 51,6 ‐2,6 ‐7,9 ‐18,5 1,9 0,75 27,9 32,08 9,6 0,044 11360 0,05 250,7 4856,9
‐12 56,3 ‐2,9 ‐8,6 ‐20,2 1,7 0,81 25,6 35,00 10,5 0,048 12073 0,06 260,7 4629,1
‐13 61,0 ‐3,1 ‐9,4 ‐21,8 1,6 0,88 23,6 37,92 11,4 0,052 12769 0,06 270,4 4432,7
Project costs 
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Project 23
Reservoir Fjellsjøen Riasten
Volume 5,25 25,4 million m3 power generation with max power  24 hours/day
HRWL 948 805 masl pumping with max power 0 hours/day
LRWL 943 800 masl gross pressure head 148,0 m
HRWL‐LRWL 5 5 m Tunnel length 6,1 km
area 1,05 5,08 km² number of unit
effective area 1,05 5,08 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 3,4 ‐0,2 ‐0,7 ‐1,7 20,8 0,21 100,8 2,92 0,9 0,005 1802 0,01 124,1 36632,2
‐2 6,8 ‐0,5 ‐1,4 ‐3,4 10,4 0,41 50,4 5,83 1,8 0,011 2927 0,01 138,8 20488,2
‐3 10,2 ‐0,7 ‐2,2 ‐5,0 6,9 0,62 33,6 8,75 2,6 0,016 3887 0,02 153,3 15079,3
‐4 13,6 ‐1,0 ‐2,9 ‐6,7 5,2 0,83 25,2 11,67 3,5 0,021 4754 0,03 165,2 12188,4
‐5 16,9 ‐1,2 ‐3,6 ‐8,4 4,2 1,03 20,2 14,58 4,4 0,027 5558 0,03 176,3 10406,7
‐6 20,3 ‐1,4 ‐4,3 ‐10,1 3,5 1,24 16,8 17,50 5,3 0,032 6315 0,04 186,8 9189,8
‐7 23,7 ‐1,7 ‐5,0 ‐11,8 3,0 1,45 14,4 20,42 6,1 0,037 7034 0,04 196,9 8301,1
‐8 27,1 ‐1,9 ‐5,8 ‐13,4 2,6 1,65 12,6 23,33 7,0 0,043 7723 0,05 206,5 7620,5
‐9 30,5 ‐2,2 ‐6,5 ‐15,1 2,3 1,86 11,2 26,25 7,9 0,048 8387 0,06 215,9 7080,8
‐10 33,9 ‐2,4 ‐7,2 ‐16,8 2,1 2,07 10,1 29,17 8,8 0,053 9029 0,06 230,7 6811,3
‐11 37,3 ‐2,6 ‐7,9 ‐18,5 1,9 2,27 9,2 32,08 9,6 0,059 9652 0,07 240,0 6439,3
‐12 40,7 ‐2,9 ‐8,6 ‐20,2 1,7 2,48 8,4 35,00 10,5 0,064 10258 0,07 249,0 6123,9
‐13 44,0 ‐3,1 ‐9,4 ‐21,8 1,6 2,69 7,8 37,92 11,4 0,069 10850 0,08 257,7 5852,5
Project costs 
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Project 24
Reservoir Fjellsjøen Aursunden
Volume 5,25 215 million m3 power generation with max power  24 hours/day
HRWL 948 691,1 masl pumping with max power 0 hours/day
LRWL 943 685,2 masl gross pressure head 262,8 m
HRWL‐LRWL 5 5,9 m Tunnel length 9,84 km
area 1,05 46,11 km² number of unit
effective area 1,05 36,44 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 6,0 ‐0,2 ‐0,7 ‐1,7 20,8 0,03 853,2 2,92 0,9 0,009 2401 0,01 153,0 25442,1
‐2 12,0 ‐0,5 ‐1,4 ‐3,4 10,4 0,06 426,6 5,83 1,8 0,017 3900 0,02 172,8 14360,4
‐3 18,0 ‐0,7 ‐2,2 ‐5,0 6,9 0,09 284,4 8,75 2,6 0,026 5180 0,03 192,4 10659,5
‐4 24,1 ‐1,0 ‐2,9 ‐6,7 5,2 0,12 213,3 11,67 3,5 0,034 6335 0,04 208,5 8664,2
‐5 30,1 ‐1,2 ‐3,6 ‐8,4 4,2 0,14 170,6 14,58 4,4 0,043 7406 0,05 223,5 7432,3
‐6 36,1 ‐1,4 ‐4,3 ‐10,1 3,5 0,17 142,2 17,50 5,3 0,052 8415 0,06 237,8 6589,5
‐7 42,1 ‐1,7 ‐5,0 ‐11,8 3,0 0,20 121,9 20,42 6,1 0,060 9373 0,07 251,5 5973,1
‐8 48,1 ‐1,9 ‐5,8 ‐13,4 2,6 0,23 106,6 23,33 7,0 0,069 10292 0,08 264,7 5500,4
‐9 54,1 ‐2,2 ‐6,5 ‐15,1 2,3 0,26 94,8 26,25 7,9 0,077 11176 0,09 277,5 5125,1
‐10 60,2 ‐2,4 ‐7,2 ‐16,8 2,1 0,29 85,3 29,17 8,8 0,086 12032 0,10 298,2 4956,7
‐11 66,2 ‐2,6 ‐7,9 ‐18,5 1,9 0,32 77,6 32,08 9,6 0,095 12862 0,11 310,8 4696,7
‐12 72,2 ‐2,9 ‐8,6 ‐20,2 1,7 0,35 71,1 35,00 10,5 0,103 13670 0,12 323,1 4476,0
‐13 78,2 ‐3,1 ‐9,4 ‐21,8 1,6 0,37 65,6 37,92 11,4 0,112 14457 0,13 335,2 4286,0
Project costs 
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Project 25
Reservoir Storgrønningen Skrøyvastadvatnet
Volume 27,1 14,75 million m3 power generation with max power  24 hours/day
HRWL 160 9 masl pumping with max power 0 hours/day
LRWL 155 4 masl gross pressure head 156,0 m
HRWL‐LRWL 5 5 m Tunnel length 13,2 km
area 5,42 2,95 km² number of unit
effective area 5,42 2,95 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 18,4 ‐0,2 ‐0,7 ‐1,7 20,8 1,84 11,3 15,06 4,5 0,060 5835 0,07 220,9 11987,0
‐2 36,9 ‐0,5 ‐1,4 ‐3,4 10,4 3,67 5,7 30,11 9,0 0,119 9479 0,13 282,5 7664,0
‐3 55,3 ‐0,7 ‐2,2 ‐5,0 6,9 5,51 3,8 45,17 13,6 0,179 12590 0,19 333,5 6030,5
‐4 73,7 ‐1,0 ‐2,9 ‐6,7 5,2 7,35 2,8 60,22 18,1 0,238 15399 0,25 380,6 5162,6
‐5 92,2 ‐1,2 ‐3,6 ‐8,4 4,2 9,19 2,3 75,28 22,6 0,298 18002 0,32 425,2 4614,1
‐6 110,6 ‐1,4 ‐4,3 ‐10,1 3,5 11,02 1,9 90,33 27,1 0,358 20453 0,38 479,6 4336,3
‐7 129,0 ‐1,7 ‐5,0 ‐11,8 3,0 12,86 1,6 105,39 31,6 0,417 22783 0,44 522,0 4045,4
‐8 147,5 ‐1,9 ‐5,8 ‐13,4 2,6 14,70 1,4 120,44 36,1 0,477 25016 0,50 563,1 3818,7
‐9 165,9 ‐2,2 ‐6,5 ‐15,1 2,3 16,54 1,3 135,50 40,7 0,537 27166 0,56 603,2 3635,8
‐10 184,3 ‐2,4 ‐7,2 ‐16,8 2,1 18,37 1,1 150,56 45,2 0,596 29245 0,63 642,3 3484,6
‐11 202,8 ‐2,6 ‐7,9 ‐18,5 1,9 20,21 1,0 165,61 49,7 0,656 31262 0,69 680,6 3356,9
‐12 221,2 ‐2,9 ‐8,6 ‐20,2 1,7 22,05 0,9 180,67 54,2 0,715 33226 0,75 718,3 3247,4
‐13 239,6 ‐3,1 ‐9,4 ‐21,8 1,6 23,88 0,9 195,72 58,7 0,775 35141 0,81 755,3 3152,0
Project costs 
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Project 26
Reservoir Almåsgrønningen Øyvatnet
Volume 18,95 48,75 million m3 power generation with max power  24 hours/day
HRWL 203 63 masl pumping with max power 0 hours/day
LRWL 198 58 masl gross pressure head 145,0 m
HRWL‐LRWL 5 5 m Tunnel length 4,13 km
area 3,79 9,75 km² number of unit
effective area 3,79 9,75 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 500 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 12,0 ‐0,2 ‐0,7 ‐1,7 20,8 0,39 53,6 10,53 3,2 0,013 4379 0,02 149,7 12492,6
‐2 24,0 ‐0,5 ‐1,4 ‐3,4 10,4 0,78 26,8 21,06 6,3 0,026 7114 0,03 186,3 7774,0
‐3 35,9 ‐0,7 ‐2,2 ‐5,0 6,9 1,17 17,9 31,58 9,5 0,039 9449 0,05 223,9 6230,4
‐4 47,9 ‐1,0 ‐2,9 ‐6,7 5,2 1,55 13,4 42,11 12,6 0,052 11557 0,06 254,0 5300,4
‐5 59,9 ‐1,2 ‐3,6 ‐8,4 4,2 1,94 10,7 52,64 15,8 0,065 13511 0,08 282,1 4709,2
‐6 71,9 ‐1,4 ‐4,3 ‐10,1 3,5 2,33 8,9 63,17 19,0 0,078 15351 0,09 308,7 4294,4
‐7 83,9 ‐1,7 ‐5,0 ‐11,8 3,0 2,72 7,7 73,69 22,1 0,091 17100 0,11 334,1 3984,3
‐8 95,8 ‐1,9 ‐5,8 ‐13,4 2,6 3,11 6,7 84,22 25,3 0,104 18775 0,12 369,2 3852,7
‐9 107,8 ‐2,2 ‐6,5 ‐15,1 2,3 3,50 6,0 94,75 28,4 0,117 20389 0,14 393,8 3651,9
‐10 119,8 ‐2,4 ‐7,2 ‐16,8 2,1 3,89 5,4 105,28 31,6 0,130 21949 0,15 417,6 3485,4
‐11 131,8 ‐2,6 ‐7,9 ‐18,5 1,9 4,28 4,9 115,81 34,7 0,143 23463 0,17 440,7 3344,4
‐12 143,8 ‐2,9 ‐8,6 ‐20,2 1,7 4,66 4,5 126,33 37,9 0,157 24937 0,18 463,4 3223,1
‐13 155,7 ‐3,1 ‐9,4 ‐21,8 1,6 5,05 4,1 136,86 41,1 0,170 26374 0,20 485,5 3117,3
Project costs 
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Project 27
Reservoir Almåsgrønningen Storgrønningen
Volume 18,95 27,1 million m3 power generation with max power  24 hours/day
HRWL 203 160 masl pumping with max power 0 hours/day
LRWL 198 155 masl gross pressure head 48,0 m
HRWL‐LRWL 5 5 m Tunnel length 2,64 km
area 3,79 5,42 km² number of unit
effective area 3,79 5,42 km² efficiency 80 %
start level 100 0 % access tunnel 700 m
other inflow 0 0 m3 adit tunnel 200 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 4,0 ‐0,2 ‐0,7 ‐1,7 20,8 0,70 29,8 10,53 3,2 0,008 2520 0,01 92,9 23428,5
‐2 7,9 ‐0,5 ‐1,4 ‐3,4 10,4 1,40 14,9 21,06 6,3 0,017 4093 0,02 112,4 14177,2
‐3 11,9 ‐0,7 ‐2,2 ‐5,0 6,9 2,10 9,9 31,58 9,5 0,025 5437 0,03 132,4 11126,5
‐4 15,9 ‐1,0 ‐2,9 ‐6,7 5,2 2,80 7,4 42,11 12,6 0,033 6650 0,04 148,5 9360,0
‐5 19,8 ‐1,2 ‐3,6 ‐8,4 4,2 3,50 6,0 52,64 15,8 0,042 7774 0,05 163,6 8248,6
‐6 23,8 ‐1,4 ‐4,3 ‐10,1 3,5 4,20 5,0 63,17 31,6 0,083 8832 0,09 177,3 7450,2
‐7 27,8 ‐1,7 ‐5,0 ‐11,8 3,0 4,89 4,3 73,69 36,8 0,097 9838 0,11 194,7 7014,9
‐8 31,7 ‐1,9 ‐5,8 ‐13,4 2,6 5,59 3,7 84,22 42,1 0,111 10802 0,12 207,3 6533,7
‐9 35,7 ‐2,2 ‐6,5 ‐15,1 2,3 6,29 3,3 94,75 47,4 0,125 11731 0,14 219,5 6148,7
‐10 39,7 ‐2,4 ‐7,2 ‐16,8 2,1 6,99 3,0 105,28 52,6 0,139 12629 0,15 231,3 5832,3
‐11 43,6 ‐2,6 ‐7,9 ‐18,5 1,9 7,69 2,7 115,81 57,9 0,153 13500 0,17 242,9 5566,9
‐12 47,6 ‐2,9 ‐8,6 ‐20,2 1,7 8,39 2,5 126,33 63,2 0,167 14348 0,18 254,2 5340,6
‐13 51,6 ‐3,1 ‐9,4 ‐21,8 1,6 9,09 2,3 136,86 68,4 0,181 15175 0,20 265,3 5144,9
Project costs 
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Project 28
Reservoir Storgrønningen Grungstadvatnet
Volume 27,1 33,55 million m3 power generation with max power  24 hours/day
HRWL 160 14 masl pumping with max power 0 hours/day
LRWL 155 9 masl gross pressure head 151,0 m
HRWL‐LRWL 5 5 m Tunnel length 5,75 km
area 5,42 6,71 km² number of unit
effective area 5,42 6,71 km² efficiency 80 %
start level 100 0 % access tunnel 700 m
other inflow 0 0 m3 adit tunnel 200 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 17,8 ‐0,2 ‐0,7 ‐1,7 20,8 0,81 25,8 15,06 4,5 0,026 5741 0,03 154,0 8632,2
‐2 35,7 ‐0,5 ‐1,4 ‐3,4 10,4 1,62 12,9 30,11 9,0 0,052 9326 0,06 206,5 5786,9
‐3 53,5 ‐0,7 ‐2,2 ‐5,0 6,9 2,42 8,6 45,17 13,6 0,078 12387 0,09 248,8 4647,8
‐4 71,4 ‐1,0 ‐2,9 ‐6,7 5,2 3,23 6,4 60,22 18,1 0,104 15150 0,12 287,5 4027,9
‐5 89,2 ‐1,2 ‐3,6 ‐8,4 4,2 4,04 5,2 75,28 22,6 0,130 17711 0,15 323,7 3628,8
‐6 107,0 ‐1,4 ‐4,3 ‐10,1 3,5 4,85 4,3 90,33 27,1 0,156 20122 0,18 369,5 3452,1
‐7 124,9 ‐1,7 ‐5,0 ‐11,8 3,0 5,65 3,7 105,39 31,6 0,182 22415 0,20 403,7 3232,7
‐8 142,7 ‐1,9 ‐5,8 ‐13,4 2,6 6,46 3,2 120,44 36,1 0,208 24611 0,23 436,7 3059,6
‐9 160,6 ‐2,2 ‐6,5 ‐15,1 2,3 7,27 2,9 135,50 40,7 0,234 26727 0,26 468,7 2918,7
‐10 178,4 ‐2,4 ‐7,2 ‐16,8 2,1 8,08 2,6 150,56 45,2 0,260 28772 0,29 499,7 2801,0
‐11 196,3 ‐2,6 ‐7,9 ‐18,5 1,9 8,89 2,3 165,61 49,7 0,286 30757 0,32 530,0 2700,8
‐12 214,1 ‐2,9 ‐8,6 ‐20,2 1,7 9,69 2,1 180,67 54,2 0,312 32689 0,34 559,7 2614,2
‐13 231,9 ‐3,1 ‐9,4 ‐21,8 1,6 10,50 2,0 195,72 58,7 0,338 34573 0,37 588,7 2538,3
Project costs 
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Project 29
Reservoir Storgrønningen Eidsvatnet
Volume 27,1 31 million m3 power generation with max power  24 hours/day
HRWL 160 6 masl pumping with max power 0 hours/day
LRWL 155 1 masl gross pressure head 159,0 m
HRWL‐LRWL 5 5 m Tunnel length 7,75 km
area 5,42 6,2 km² number of unit
effective area 5,42 6,20 km² efficiency 80 %
start level 100 0 % access tunnel 700 m
other inflow 0 0 m3 adit tunnel 200 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 18,8 ‐0,2 ‐0,7 ‐1,7 20,8 0,87 23,8 15,06 4,5 0,035 5891 0,04 167,4 8912,7
‐2 37,6 ‐0,5 ‐1,4 ‐3,4 10,4 1,75 11,9 30,11 9,0 0,070 9570 0,08 223,4 5946,7
‐3 56,4 ‐0,7 ‐2,2 ‐5,0 6,9 2,62 7,9 45,17 13,6 0,105 12711 0,12 268,8 4769,6
‐4 75,1 ‐1,0 ‐2,9 ‐6,7 5,2 3,50 6,0 60,22 18,1 0,140 15546 0,16 310,5 4131,3
‐5 93,9 ‐1,2 ‐3,6 ‐8,4 4,2 4,37 4,8 75,28 22,6 0,175 18175 0,19 349,6 3721,3
‐6 112,7 ‐1,4 ‐4,3 ‐10,1 3,5 5,25 4,0 90,33 27,1 0,210 20649 0,23 398,5 3535,5
‐7 131,5 ‐1,7 ‐5,0 ‐11,8 3,0 6,12 3,4 105,39 31,6 0,245 23001 0,27 435,5 3311,2
‐8 150,3 ‐1,9 ‐5,8 ‐13,4 2,6 6,99 3,0 120,44 36,1 0,280 25255 0,31 471,1 3134,6
‐9 169,1 ‐2,2 ‐6,5 ‐15,1 2,3 7,87 2,6 135,50 40,7 0,315 27425 0,34 505,7 2990,9
‐10 187,9 ‐2,4 ‐7,2 ‐16,8 2,1 8,74 2,4 150,56 45,2 0,350 29525 0,38 539,4 2871,1
‐11 206,7 ‐2,6 ‐7,9 ‐18,5 1,9 9,62 2,2 165,61 49,7 0,385 31562 0,42 572,3 2769,2
‐12 225,4 ‐2,9 ‐8,6 ‐20,2 1,7 10,49 2,0 180,67 54,2 0,420 33544 0,45 604,5 2681,2
‐13 244,2 ‐3,1 ‐9,4 ‐21,8 1,6 11,36 1,8 195,72 58,7 0,455 35477 0,49 636,0 2604,2
Project costs 
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Project 30
Reservoir Skardvatnet Gransjøen
Volume 11,9 144 million m3 power generation with max power  24 hours/day
HRWL 869 650 masl pumping with max power 0 hours/day
LRWL 864 610 masl gross pressure head 259,0 m
HRWL‐LRWL 5 40 m Tunnel length 10,7 km
area 2,38 6,61 km² number of unit
effective area 2,38 3,60 km² efficiency 80 %
start level 100 0 % access tunnel 1000 m
other inflow 0 0 m3 adit tunnel 600 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 1 
day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 13,4 ‐0,2 ‐0,7 ‐1,7 20,8 0,66 252,1 6,61 2,0 0,021 4226 0,03 186,6 13888,5
‐2 26,9 ‐0,5 ‐1,4 ‐3,4 10,4 1,32 126,1 13,22 4,0 0,042 6865 0,05 227,5 8463,9
‐3 40,3 ‐0,7 ‐2,2 ‐5,0 6,9 1,98 84,0 19,83 6,0 0,064 9119 0,07 261,2 6479,0
‐4 53,8 ‐1,0 ‐2,9 ‐6,7 5,2 2,64 63,0 26,44 7,9 0,085 11153 0,10 292,1 5433,6
‐5 67,2 ‐1,2 ‐3,6 ‐8,4 4,2 3,31 50,4 33,06 9,9 0,106 13038 0,12 329,9 4910,0
‐6 80,6 ‐1,4 ‐4,3 ‐10,1 3,5 3,97 42,0 39,67 11,9 0,127 14813 0,14 358,5 4446,3
‐7 94,1 ‐1,7 ‐5,0 ‐11,8 3,0 4,63 36,0 46,28 13,9 0,149 16501 0,17 385,9 4102,5
‐8 107,5 ‐1,9 ‐5,8 ‐13,4 2,6 5,29 31,5 52,89 15,9 0,170 18118 0,19 412,3 3835,7
‐9 120,9 ‐2,2 ‐6,5 ‐15,1 2,3 5,95 28,0 59,50 17,9 0,191 19675 0,21 438,0 3621,4
‐10 134,4 ‐2,4 ‐7,2 ‐16,8 2,1 6,61 25,2 66,11 19,8 0,212 21181 0,23 462,9 3444,7
‐11 147,8 ‐2,6 ‐7,9 ‐18,5 1,9 7,27 22,9 72,72 21,8 0,233 22642 0,26 487,2 3296,1
‐12 161,3 ‐2,9 ‐8,6 ‐20,2 1,7 7,93 21,0 79,33 23,8 0,255 24064 0,28 525,7 3260,1
‐13 174,7 ‐3,1 ‐9,4 ‐21,8 1,6 8,59 19,4 85,94 25,8 0,276 25451 0,30 549,8 3147,1
Project costs 
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Project 31
Reservoir Skardvatnet Gjelvatn
Volume 11,9 280 million m3 power generation with max power  24 hours/day
HRWL 869 660,8 masl pumping with max power 0 hours/day
LRWL 864 645,8 masl gross pressure head 223,2 m
HRWL‐LRWL 5 15 m Tunnel length 3,85 km
area 2,38 21,1 km² number of unit
effective area 2,38 18,67 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 400 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in 
water level 
1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 11,6 ‐0,2 ‐0,7 ‐1,7 20,8 0,13 490,2 6,61 2,0 0,008 3923 0,01 131,4 11345,5
‐2 23,2 ‐0,5 ‐1,4 ‐3,4 10,4 0,26 245,1 13,22 4,0 0,015 6373 0,02 165,3 7137,2
‐3 34,7 ‐0,7 ‐2,2 ‐5,0 6,9 0,38 163,4 19,83 6,0 0,023 8465 0,03 192,9 5551,8
‐4 46,3 ‐1,0 ‐2,9 ‐6,7 5,2 0,51 122,5 26,44 7,9 0,031 10353 0,04 217,9 4704,7
‐5 57,9 ‐1,2 ‐3,6 ‐8,4 4,2 0,64 98,0 33,06 9,9 0,038 12104 0,05 249,4 4306,8
‐6 69,5 ‐1,4 ‐4,3 ‐10,1 3,5 0,77 81,7 39,67 11,9 0,046 13751 0,06 272,4 3921,0
‐7 81,1 ‐1,7 ‐5,0 ‐11,8 3,0 0,89 70,0 46,28 13,9 0,053 15318 0,07 294,5 3632,4
‐8 92,6 ‐1,9 ‐5,8 ‐13,4 2,6 1,02 61,3 52,89 15,9 0,061 16819 0,08 315,6 3406,7
‐9 104,2 ‐2,2 ‐6,5 ‐15,1 2,3 1,15 54,5 59,50 17,9 0,069 18264 0,09 336,0 3224,2
‐10 115,8 ‐2,4 ‐7,2 ‐16,8 2,1 1,28 49,0 66,11 19,8 0,076 19662 0,10 355,9 3072,9
‐11 127,4 ‐2,6 ‐7,9 ‐18,5 1,9 1,40 44,6 72,72 21,8 0,084 21019 0,11 375,1 2944,8
‐12 139,0 ‐2,9 ‐8,6 ‐20,2 1,7 1,53 40,8 79,33 23,8 0,092 22339 0,11 407,3 2931,0
‐13 150,5 ‐3,1 ‐9,4 ‐21,8 1,6 1,66 37,7 85,94 25,8 0,099 23626 0,12 426,4 2832,2
Project costs 
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Project Bogna
Reservoir Bangsjøene Snåsavatnet
Volume 150 165 million m3 power generation with max power  24 hours/day
HRWL 315 22,43 masl pumping with max power 0 hours/day
LRWL 305 21,03 masl gross pressure head 294,0 m
HRWL‐LRWL 10 1,4 m Tunnel length 6,41 km
area 20,76 122,0 km² number of unit
effective area 15,00 117,86 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 400 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 96,1 ‐0,2 ‐0,7 ‐1,7 41,7 0,13 45,8 41,67 12,5 0,080 16334 0,10 332,1 3454,6
‐2 192,3 ‐0,5 ‐1,4 ‐3,4 20,8 0,25 22,9 83,33 25,0 0,160 26535 0,19 485,2 2523,7
‐3 288,4 ‐0,7 ‐2,2 ‐5,0 13,9 0,38 15,3 125,00 37,5 0,240 35244 0,28 618,6 2145,0
‐4 384,5 ‐1,0 ‐2,9 ‐6,7 10,4 0,51 11,5 166,67 50,0 0,321 43107 0,36 740,8 1926,5
‐5 480,6 ‐1,2 ‐3,6 ‐8,4 8,3 0,64 9,2 208,33 62,5 0,401 50394 0,45 855,3 1779,6
‐6 576,8 ‐1,4 ‐4,3 ‐10,1 6,9 0,76 7,6 250,00 75,0 0,481 57254 0,54 964,2 1671,7
‐7 672,9 ‐1,7 ‐5,0 ‐11,8 6,0 0,89 6,5 291,67 87,5 0,561 63778 0,62 1068,6 1588,0
‐8 769,0 ‐1,9 ‐5,8 ‐13,4 5,2 1,02 5,7 333,33 100,0 0,641 70027 0,71 1169,3 1520,5
‐9 865,2 ‐2,2 ‐6,5 ‐15,1 4,6 1,15 5,1 375,00 112,5 0,721 76045 0,80 1266,9 1464,3
‐10 961,3 ‐2,4 ‐7,2 ‐16,8 4,2 1,27 4,6 416,67 125,0 0,801 81866 0,88 1361,8 1416,7
‐11 1 057,4 ‐2,6 ‐7,9 ‐18,5 3,8 1,40 4,2 458,33 137,5 0,881 87514 0,97 1454,4 1375,5
‐12 1 153,5 ‐2,9 ‐8,6 ‐20,2 3,5 1,53 3,8 500,00 150,0 0,962 93010 1,05 1545,0 1339,3
‐13 1 249,7 ‐3,1 ‐9,4 ‐21,8 3,2 1,65 3,5 541,67 162,5 1,042 98370 1,14 1633,7 1307,3
Project costs 
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Project Røyrvikfoss
Reservoir Vektaren Limingen
Volume 38 490 million m3 power generation with max power  24 hours/day
HRWL 454 417,7 masl pumping with max power 0 hours/day
LRWL 440 409 masl gross pressure head 45,0 m
HRWL‐LRWL 14 8,7 m Tunnel length 1 km
area 8,8 93,3 km² number of unit
effective area 2,71 56,32 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 400 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 2,7 ‐0,2 ‐0,7 ‐1,7 58,3 0,05 752,2 7,54 3,8 0,004 1931 0,01 77,0 28906,8
‐2 5,3 ‐0,5 ‐1,4 ‐3,4 29,2 0,10 376,1 15,08 7,5 0,008 3137 0,01 90,3 16962,0
‐3 8,0 ‐0,7 ‐2,2 ‐5,0 19,4 0,14 250,7 22,62 11,3 0,011 4167 0,02 101,1 12651,7
‐4 10,7 ‐1,0 ‐2,9 ‐6,7 14,6 0,19 188,0 30,16 15,1 0,015 5097 0,02 113,5 10658,3
‐5 13,3 ‐1,2 ‐3,6 ‐8,4 11,7 0,24 150,4 37,70 18,8 0,019 5958 0,02 122,9 9232,3
‐6 16,0 ‐1,4 ‐4,3 ‐10,1 9,7 0,29 125,4 45,24 22,6 0,023 6770 0,03 131,8 8247,1
‐7 18,6 ‐1,7 ‐5,0 ‐11,8 8,3 0,34 107,5 52,78 26,4 0,026 7541 0,03 140,2 7520,2
‐8 21,3 ‐1,9 ‐5,8 ‐13,4 7,3 0,39 94,0 60,32 30,2 0,030 8280 0,04 148,2 6958,6
‐9 24,0 ‐2,2 ‐6,5 ‐15,1 6,5 0,43 83,6 67,86 33,9 0,034 8991 0,04 160,5 6695,6
‐10 26,6 ‐2,4 ‐7,2 ‐16,8 5,8 0,48 75,2 75,40 37,7 0,038 9679 0,05 168,3 6319,9
‐11 29,3 ‐2,6 ‐7,9 ‐18,5 5,3 0,53 68,4 82,94 41,5 0,041 10347 0,05 175,9 6004,7
‐12 32,0 ‐2,9 ‐8,6 ‐20,2 4,9 0,58 62,7 90,48 45,2 0,045 10997 0,06 183,3 5735,8
‐13 34,6 ‐3,1 ‐9,4 ‐21,8 4,5 0,63 57,9 98,02 49,0 0,049 11631 0,06 190,5 5503,2
Project costs 
Reconnaissance Study The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-A-34
Project Slind
Reservoir litlslindvatn Selbusjøen
Volume 1,815 348 million m3 power generation with max power  24 hours/day
HRWL 345 161,3 masl pumping with max power 0 hours/day
LRWL 340 155 masl gross pressure head 190,0 m
HRWL‐LRWL 5 6,3 m Tunnel length 3,34 km
area 0,363 58,0 km² number of unit
effective area 0,36 55,24 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 400 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 1,5 ‐0,2 ‐0,7 ‐1,7 20,8 0,01 3994,5 1,01 0,3 0,001 971 0,00 92,3 61374,1
‐2 3,0 ‐0,5 ‐1,4 ‐3,4 10,4 0,01 1997,2 2,02 0,6 0,002 1577 0,00 100,3 33341,8
‐3 4,5 ‐0,7 ‐2,2 ‐5,0 6,9 0,02 1331,5 3,03 0,9 0,003 2094 0,01 104,4 23149,4
‐4 6,0 ‐1,0 ‐2,9 ‐6,7 5,2 0,03 998,6 4,03 1,2 0,004 2561 0,01 110,0 18295,9
‐5 7,5 ‐1,2 ‐3,6 ‐8,4 4,2 0,03 798,9 5,04 1,5 0,005 2994 0,01 115,3 15330,9
‐6 9,0 ‐1,4 ‐4,3 ‐10,1 3,5 0,04 665,7 6,05 1,8 0,006 3402 0,01 120,2 13321,5
‐7 10,5 ‐1,7 ‐5,0 ‐11,8 3,0 0,05 570,6 7,06 2,1 0,007 3789 0,01 124,9 11864,3
‐8 12,0 ‐1,9 ‐5,8 ‐13,4 2,6 0,05 499,3 8,07 2,4 0,008 4161 0,01 129,4 10755,6
‐9 13,5 ‐2,2 ‐6,5 ‐15,1 2,3 0,06 443,8 9,08 2,7 0,009 4518 0,01 135,8 10035,8
‐10 15,0 ‐2,4 ‐7,2 ‐16,8 2,1 0,07 399,4 10,08 3,0 0,010 4864 0,01 140,2 9321,8
‐11 16,5 ‐2,6 ‐7,9 ‐18,5 1,9 0,07 363,1 11,09 3,3 0,011 5200 0,02 144,4 8730,2
‐12 18,0 ‐2,9 ‐8,6 ‐20,2 1,7 0,08 332,9 12,10 3,6 0,012 5526 0,02 148,5 8231,2
‐13 19,5 ‐3,1 ‐9,4 ‐21,8 1,6 0,09 307,3 13,11 3,9 0,013 5845 0,02 152,5 7804,0
Project costs 
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Project Tunnsjø
Reservoir Limingen Tunnsjø
Volume 490 440 million m3 power generation with max power  24 hours/day
HRWL 417,7 357,4 masl pumping with max power 0 hours/day
LRWL 409 352,4 masl gross pressure head 65,3 m
HRWL‐LRWL 8,7 5 m Tunnel length 2,86 km
area 93,3 100,6 km² number of unit
effective area 56,32 88,00 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 400 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 80,2 ‐0,2 ‐0,7 ‐1,7 36,3 0,64 32,6 156,45 78,2 0,224 19436 0,24 345,9 4313,8
‐2 160,4 ‐0,5 ‐1,4 ‐3,4 18,1 1,28 16,3 312,90 156,4 0,447 31575 0,48 523,8 3266,8
‐3 240,5 ‐0,7 ‐2,2 ‐5,0 12,1 1,92 10,9 469,35 234,7 0,671 41937 0,71 685,3 2849,2
‐4 320,7 ‐1,0 ‐2,9 ‐6,7 9,1 2,56 8,1 625,80 312,9 0,895 51293 0,95 839,6 2617,9
‐5 400,9 ‐1,2 ‐3,6 ‐8,4 7,2 3,20 6,5 782,25 391,1 1,119 59965 1,18 990,5 2470,7
‐6 481,1 ‐1,4 ‐4,3 ‐10,1 6,0 3,84 5,4 938,70 469,3 1,342 68128 1,41 1140,0 2369,8
‐7 561,2 ‐1,7 ‐5,0 ‐11,8 5,2 4,48 4,7 1095,15 328,5 0,940 75890 1,02 1288,0 2295,0
‐8 641,4 ‐1,9 ‐5,8 ‐13,4 4,5 5,12 4,1 1251,60 375,5 1,074 83326 1,16 1420,5 2214,7
‐9 721,6 ‐2,2 ‐6,5 ‐15,1 4,0 5,76 3,6 1408,05 422,4 1,208 90487 1,30 1549,8 2147,8
‐10 801,8 ‐2,4 ‐7,2 ‐16,8 3,6 6,40 3,3 1564,50 469,3 1,342 97413 1,44 1676,4 2091,0
‐11 881,9 ‐2,6 ‐7,9 ‐18,5 3,3 7,04 3,0 1720,95 516,3 1,477 104134 1,58 1800,7 2041,8
‐12 962,1 ‐2,9 ‐8,6 ‐20,2 3,0 7,68 2,7 1877,39 563,2 1,611 110673 1,72 1922,9 1998,6
‐13 1 042,3 ‐3,1 ‐9,4 ‐21,8 2,8 8,32 2,5 2033,84 610,2 1,745 117052 1,86 2043,2 1960,3
Project costs 
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Project Vessingfoss
Reservoir Nesjø Vessingfosssjøen
Volume 625 38 million m3 power generation with max power  24 hours/day
HRWL 729 674 masl pumping with max power 0 hours/day
LRWL 706 658 masl gross pressure head 71,0 m
HRWL‐LRWL 23 16 m Tunnel length 1,03 km
area 65,42 3,2 km² number of unit
effective area 27,17 2,38 km² efficiency 80 %
start level 100 0 % access tunnel 800 m
other inflow 0 0 m3 adit tunnel 400 m
other discharge 0 0 m3
variation of 
water level in 
upper reservoir 
[cm/hours]
max power 
generated [MW]
decrease in water 
level 1 day [m]
Decrease 
in water 
level 3 
days [m]
Decrease 
in water 
level 7 
days [m]
Emptying 
upper 
reservoir 
[days]
Increase in 
water level in 
lower 
reservoir 
[cm/h]
Filling of 
lower 
reservoir 
[days]
Max 
absorption 
capacity 
[m3/s]
tunnel 
cross 
section 
[m²]
Tunnel 
Volume 
[mill m3]
station all 
volume 
[mill m3]
total 
excavated 
[mill m3]
Total cost 
[mill kr]
unit cost 
[kr/kw]
‐1 42,1 ‐0,2 ‐0,7 ‐1,7 95,8 11,44 5,8 75,48 37,7 0,039 12168 0,05 211,3 5024,0
‐2 84,1 ‐0,5 ‐1,4 ‐3,4 47,9 22,88 2,9 150,97 75,5 0,078 19767 0,10 305,9 3636,4
‐3 126,2 ‐0,7 ‐2,2 ‐5,0 31,9 34,32 1,9 226,45 113,2 0,117 26255 0,14 387,1 3067,9
‐4 168,2 ‐1,0 ‐2,9 ‐6,7 24,0 45,77 1,5 301,93 151,0 0,155 32112 0,19 461,0 2740,2
‐5 210,3 ‐1,2 ‐3,6 ‐8,4 19,2 57,21 1,2 377,42 188,7 0,194 37541 0,23 530,1 2520,6
‐6 252,4 ‐1,4 ‐4,3 ‐10,1 16,0 68,65 1,0 452,90 226,4 0,233 42651 0,28 595,7 2360,5
‐7 294,4 ‐1,7 ‐5,0 ‐11,8 13,7 80,09 0,8 528,38 264,2 0,272 47511 0,32 658,7 2237,3
‐8 336,5 ‐1,9 ‐5,8 ‐13,4 12,0 91,53 0,7 603,86 301,9 0,311 52166 0,36 719,6 2138,6
‐9 378,5 ‐2,2 ‐6,5 ‐15,1 10,6 102,97 0,6 679,35 339,7 0,350 56649 0,41 778,8 2057,5
‐10 420,6 ‐2,4 ‐7,2 ‐16,8 9,6 114,42 0,6 754,83 377,4 0,389 60985 0,45 836,7 1989,3
‐11 462,7 ‐2,6 ‐7,9 ‐18,5 8,7 125,86 0,5 830,31 415,2 0,428 65192 0,49 893,4 1931,1
‐12 504,7 ‐2,9 ‐8,6 ‐20,2 8,0 137,30 0,5 905,80 452,9 0,466 69287 0,54 949,2 1880,6
‐13 546,8 ‐3,1 ‐9,4 ‐21,8 7,4 148,74 0,4 981,28 490,6 0,505 73279 0,58 1004,1 1836,4
Project costs 
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• Examples
• Losses in Francis turbines
• NPSH
• Main dimensions
Francis turbines
Friction losses between runner 
and covers
Friction losses
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Gap losses
Gap losses
Gap losses
Friction losses in 
the spiral casing
and stay vanes
Guide vane losses
Friction losses
Runner losses
Draft tube losses
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Relative path
Absolute path with the runner installed
Absolute path without
the runner installed
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Velocity triangles
NPSH required
g2
ub
g2
caNPSH
2
2
2
m
R 
25.0b2.015.0b05.0b
0.2a6.115.1a05.1a
PumpsTurbines


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Main dimensions
D1
D2
• Dimensions of the outlet
• Speed
• Dimensions of the inlet
Dimensions of the outlet
 
g2
ubtanua
g2
ub
g2
caNPSH
2
2
2
22
2
2
2
2m
R

We assume cu2= 0 and choose 2 and u2 from NPSHR:
13o <  2 < 22o
35   < u2 < 43 m/s
1,05 < a   < 1,15
0,05 < b   < 0,15
Highest value for highest head
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Diameter at the outlet
222m tanuc 
D1
D2
2
2
4
mc
QD 
 
2
2
2m2m
2
2
D
4Qcc
4
DQ 

Connection between cm2and choose D2 :
Speed
Connection between n and choose u2 :
2
22
2 D
60un
60
nDu 

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Correction of the speed
The speed of the generator is given from the 
number of poles and the net frequency
Hz50ffor
z
3000n
p

Dimensions of the inlet
 2u21u12u21u1h cucu2Hg
cucu 

At best efficiency point, cu2= 0
1u1
1u1
h cu2Hg
cu96,0 

11
h
1u u2
96,0
u2
c 

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We choose: 0,7   <  u1 <  0,75
Diameter at the inlet
D1
D2




n
60uD
2
D
60
2n
2
Du
1
1
11
1
Height of the inlet
22m11m AcAc 
Continuity gives:
We choose: cm2 = 1,1 · cm1
4
D1.1DB
2
2
11
 01 BB 
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Inlet angle
u1
w1c1
1
cu1
cm1
11
1
1tan
u
m
cu
c

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Phylite, Mica schist
No Scale
No Scale
No Scale
Data Cost
Volume of water available
Discharge 416 m3/s
Production 1 103 276 kW
Efficiency electro mech 0,93
Head 293,97
number of unit 3
velocity 2,2
tunnel cross section
Manning bored 63
Manning drilled and blast 40
Bored tunnel Cross section [m2] 189,1
Diameter [m] 15,5
Length of upstream tunnel [km] 7,28
Basic Price [NOK] 375932914
correction factor 0,902
inflation compared to 2005 10 %
miscellaneous 10 %
Total cost 406 902 924 NOK
Headloss 1,46
Length of access tunnel 1,38
Basic Price [NOK] 71262008
correction factor 0,902
inflation compared to 2005 10 %
miscellaneous 10 %
Total cost 77 132 697 NOK
Blasted Tunnel Length of Downstream Tunnel 2,56
Tunnel Cross section [m2] 189,1
Basic price [kNOK/m] 25186
Miscellaneous 10 %
Tunnel support 47 %
Rigging 30 %
Correction factor for Length 0,98
Total Cost 117 894 715 NOK
Headloss 1,27
Penstock number of unit 3
GRP pipe velocity 14
Cross section [m2] 9,90
Diameter [m] 3,55
Manning 111,1
Hydraulic loss [m] 0,55
length upstream [m] 14,7
length downstream [m] 14,7
Price [kNok/m] 40,42
Total Cost 3 564 333 NOK
lake pircing Large tunnel [nok]
Total Cost 4 800 000 NOK
Plug length [m] 14,7
Cross section of each plug [m2] 63,0
price /plug 2186,1 6 558 264 NOK
Air cushion chamber upstream velocity in the tunnel [m/s] 2,2
nominal pressure [bar] 35
A air cushion [m2] 17411
Volume air [m3] 313399
Volume cavern [m3] 449927
Price 161 973 662 NOK
Air cushion chamber upstream velocity in the tunnel [m/s] 2,2
nominal pressure [bar] 6
A air cushion [m2] 168894
Volume air [m3] 5
Volume cavern [m3] 5
Price 64 828 847 NOK
Bogna 
Alternative 1
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Underground Power station
Blasting volume 101700,6 23 391 141 NOK
Concrete volume 20340,1 50 850 306 NOK
Reinforcement 1220,4 19 526 517 NOK
Formwork 42714,3 42 714 257 NOK
Supporting work 3 508 671 NOK
Masonry and plastering work 3 712 072 NOK
interior work 11 136 217 NOK
unforseen 10 % 15 483 918 NOK
Rigging and operation of the 
construction site 25 % 42 580 775 NOK
HVAC 2 600 000 NOK
Electrical instalations 2 000 000 NOK
incertainty 20 %
Mechanical equipment
Discharge/ turbine 138,7
Turbine Francis
price [nok/kW] 305,4
correction factor for pump 1,25
price [nok/kW] 381,8
Total price 421 175 826 NOK
Generator RPM 219
number of unit 3
Power per unit 367,8
Price [M NOK/unit] 151,4
Total price 454 323 532 NOK
Transformer Power 1103,276261
Number of unit 3
Price [M NOK/unit] 34,4
Total price 103 187 369 NOK
High voltage switchgear Power 551,6
Electric potential 420KV
Type SF6 double bus bar
unit 2
Price [k NOK/unit] 14000
Total price 28 000 000 NOK
Control System Power 1103,3
Number of unit 3
Pump unit Price [M NOK/unit] 12,16
Total price 36 481 571 NOK
Auxilary system Power 1103,276261
Number of unit 3
Price [M NOK/unit] 21,03
Total price 63 101 837 NOK
Cable System Power 1103,276261
Length 1000
Price [M NOK/unit] 10
Total price 20 000 000 NOK
Miscalleneous equipment Price [NOK /kw] 75,9
Total price 83 771 287 NOK
TOTAL 2 271 200 738 NOK
NOK /kw 2058,6
Bogna 
Alternative 1
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Data Cost
Volume of water available
Discharge 416 m3/s
Production 1 109 341 kW
Efficiency electro mech 0,93
Head 293,97
number of unit 3
velocity 2,2
tunnel cross section
Manning bored 63
Manning drilled and blast 40
Bored tunnel Cross section [m2] 189,1
Diameter [m] 15,5
Length of Headrace tunnel [km] 4,5
Basic Price [NOK] 232376114
correction factor 0,940
inflation compared to 2005 10 %
miscellaneous 10 %
Total cost 262 052 340 NOK
Headloss 0,90
Length of Tailrace tunnel 2,8
Daimeter 15,5
Basic Price [NOK] 144589582
correction factor 0,940
inflation compared to 2005 10 %
miscellaneous 10 %
Total cost 163 054 790 NOK
Headloss 0,56
Blasted Tunnel Length of Pressure shaft 0,46
Tunnel Cross section [m2] 189,1
Basic price [kNOK/m] 25186
Miscellaneous 10 %
Tunnel support 47 %
Rigging 30 %
Correction factor for Length 0,93
Total Cost 20 210 463 NOK
Headloss 0,23
Length of access tunnel 0,90
Tunnel Cross section [m2] 189,1
Basic price [kNOK/m] 25186
Miscellaneous 10 %
Tunnel support 47 %
Rigging 30 %
Correction factor for Length 0,93
Total Cost 39 453 558 NOK
Penstock number of unit 3
GRP pipe velocity 14
Cross section [m2] 9,90
Diameter [m] 3,55
Manning 111,1
Hydraulic loss [m] 0,55
length upstream [m] 14,7
length downstream [m] 14,7
Price [kNok/m] 40,42
Total Cost 3 564 333 NOK
lake pircing Large tunnel [nok]
Total Cost 4 800 000 NOK
Plug length [m] 14,7
Cross section of each plug [m2] 63,0
price /plug 2186,1 6 558 264 NOK
Surge tank velocity in the tunnel [m/s] 2,2
nominal pressure [bar] 35
A air cushion [m2] 17384
Volume air [m3] 312909
Volume cavern [m3] 31219
Price 11 238 893 NOK
Bogna  
Alternative 2
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Air cushion chamber upstream velocity in the tunnel [m/s] 2,2
nominal pressure [bar] 6
A air cushion [m2] 168894
Volume air [m3] 5
Volume cavern [m3] 5
Price 64 828 847 NOK
Underground Power station
Blasting volume 101700,6 23 391 141 NOK
Concrete volume 20340,1 50 850 306 NOK
Reinforcement 1220,4 19 526 517 NOK
Formwork 42714,3 42 714 257 NOK
Supporting work 3 508 671 NOK
Masonry and plastering work 3 712 072 NOK
interior work 11 136 217 NOK
unforseen 10 % 15 483 918 NOK
Rigging and operation of the 
construction site 25 % 42 580 775 NOK
HVAC 2 600 000 NOK
Electrical instalations 2 000 000 NOK
incertainty 20 %
Mechanical equipment
Discharge/ turbine 138,7
Turbine Francis
price [nok/kW] 305,4
correction factor for pump 1,25
price [nok/kW] 381,8
Total price 423 491 007 NOK
Generator RPM 219
number of unit 3
Power per unit 369,8
Price [M NOK/unit] 152,0
Total price 455 896 792 NOK
Transformer Power 1109,340911
Number of unit 3
Price [M NOK/unit] 34,6
Total price 103 652 029 NOK
High voltage switchgear Power 554,7
Electric potential 420KV
Type SF6 double bus bar
unit 2
Price [k NOK/unit] 14000
Total price 28 000 000 NOK
Control System Power 1109,3
Number of unit 3
Pump unit Price [M NOK/unit] 12,18
Total price 36 537 911 NOK
Auxilary system Power 1109,340911
Number of unit 3
Price [M NOK/unit] 21,10
Total price 63 288 632 NOK
Cable System Power 1109,340911
Length 1000
Price [M NOK/unit] 10
Total price 20 000 000 NOK
Miscalleneous equipment Price [NOK /kw] 75,9
Total price 84 231 773 NOK
TOTAL 2 008 363 507 NOK
NOK /kw 1810,4
Bogna  
Alternative 2
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Data Cost
Volume of water available
Discharge 157 m3/s
Production 431 315 kW
Efficiency electro mech 0,93
Head 304
number of unit 2
velocity 1,9
tunnel cross section
Manning bored 63
Manning drilled and blast 40
Bored tunnel Cross section [m2] 82,6
Diameter [m] 10,3
Length of upstream tunnel [km] 6,881
Basic Price [NOK] 180182565
correction factor 0,919
inflation compared to 2005 10 %
miscellaneous 10 %
Total cost 198 800 498 NOK
Headloss 1,78
Cross section [m2] 82,6
Diameter [m] 10,3
Length of Tailrace tunnel 1,034
Basic Price [NOK] 27075828
correction factor 0,919
inflation compared to 2005 10 %
miscellaneous 10 %
Total cost 29 873 523 NOK
Headloss 0,27
Blasted Tunnel Length of Access tunnel 0,8
Tunnel Cross section [m2] 82,6
Basic price [kNOK/m] 15457
Miscellaneous 10 %
Tunnel support 32 %
Rigging 30 %
Correction factor for Length 0,93
Total Cost 19 784 078 NOK
Penstock number of unit 2
GRP pipe velocity 14
Cross section [m2] 5,61
Diameter [m] 2,67
Manning 111,1
Hydraulic loss [m] 0,83
length upstream [m] 15,2
length downstream [m] 15,2
Price [kNok/m] 32,41
Total Cost 2 956 212 NOK
lake pircing Large tunnel [nok]
Total Cost 4 800 000 NOK
Plug length [m] 15,2
Cross section of each plug [m2] 41,3
price /plug 1578,5 4 735 547 NOK
Air cushion chamber upstream velocity in the tunnel [m/s] 1,9
nominal pressure [bar] 37
A air cushion [m2] 7266
Volume air [m3] 138056
Volume cavern [m3] 196016
Project Parallel 
Slind and Julskaret
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Price 70 565 583 NOK
Air cushion chamber downstreamvelocity in the tunnel [m/s] 1,9
nominal pressure [bar] 8
A air cushion [m2] 101758
Volume air [m3] 8
Volume cavern [m3] 7
Price 20 172 662 NOK
Underground Power station
Blasting volume 50207,0 11 547 607 NOK
Concrete volume 10041,4 25 103 493 NOK
Reinforcement 602,5 9 639 741 NOK
Formwork 21086,9 21 086 934 NOK
Supporting work 1 732 141 NOK
Masonry and plastering work 1 832 555 NOK
interior work 5 497 665 NOK
unforseen 10 % 7 644 014 NOK
Rigging and operation of the 
construction site 25 % 21 021 037 NOK
HVAC 2 600 000 NOK
Electrical instalations 2 000 000 NOK
incertainty 20 %
Mechanical equipment
Discharge/ turbine 78,5
Turbine Francis
price [nok/kW] 365,2
correction factor for pump 1,25
price [nok/kW] 456,5
Total price 196 896 539 NOK
Generator RPM 219
number of unit 2
Power per unit 215,7
Price [M NOK/unit] 108,2
Total price 324 483 912 NOK
Transformer Power 431,3150656
Number of unit 2
Price [M NOK/unit] 22,2
Total price 66 626 129 NOK
High voltage switchgear Power 215,7
Electric potential 420KV
Type SF6 double bus bar
unit 2
Price [k NOK/unit] 14000
Total price 28 000 000 NOK
Control System Power 431,3
Number of unit 2
Pump unit Price [M NOK/unit] 10,46
Total price 20 928 159 NOK
Auxilary system Power 431,3150656
Number of unit 2
Price [M NOK/unit] 12,68
Total price 25 352 258 NOK
Cable System Power 431,3150656
Length 1000
Price [M NOK/unit] 10
Total price 20 000 000 NOK
Miscalleneous equipment Price [NOK /kw] 36,9
Total price 15 933 344 NOK
TOTAL 1 159 613 632 NOK
NOK /kw 2688,6
Project Parallel 
Slind and Julskaret
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Bogna 150 GWh/year
EEKV 0,7162 Gwh/mill M3
Inflow 209,4 mill M3 /year
Estimated net Head 288,0 m
Efficiency 0,91
Estimated discharge [m3/s] 23,8 23,8 23,8 23,8 23,8 23,8 23,8
Manning 40 42 44 46 48 50 52
Actual EEKV [kWh/m3] 0,7162 0,7162 0,7162 0,7162 0,7162 0,7162 0,7162
Gross head [m] 293,5 293,5 293,5 293,5 293,5 293,5 293,5
Headloss [m] 5,50 5,50 5,50 5,50 5,50 5,50 5,50
Area of the tunnel [m2] 15,9 15,4 14,8 14,3 13,9 13,5 13,1
Diameter [m] 2,25 2,21 2,17 2,14 2,10 2,07 2,04
Estimated velocity [m/s] 1,49 1,55 1,60 1,66 1,71 1,77 1,82
new v [m/s] 0,8 0,83 0,86 0,89 0,92 0,95 0,98
new headloss [m] 1,58 1,58 1,58 1,58 1,59 1,59 1,60
new EEKV [kWh/m3] 0,7260 0,7260 0,7259 0,7259 0,7259 0,7259 0,7259
new Q [m3/s] 12,75 12,75 12,76 12,77 12,78 12,80 12,82
new inflow/year [M m3] 112,2 112,2 112,3 112,4 112,5 112,7 112,9
% of inflow into Bogna 53,55 % 53,57 % 53,60 % 53,65 % 53,72 % 53,79 % 53,88 %
Gain of Energy [GWh/year] 2,043 2,043 2,042 2,040 2,038 2,036 2,033
Gain [M NOK/year] 1,23 1,23 1,22 1,22 1,22 1,22 1,22
Gain by reducing maintenance [M NOK/year] 4,115 4,113 4,110 4,106 4,100 4,093 4,085
Economical Impact of the new 
power plant on Bogna
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Velocity tunnel [m/s] 2 2,1 2,2 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3 3,1 3,2
Cost NOK/kW 2136,2 2095,2 2058,6 2025,8 1996,2 1969,5 1945,2 1923,2 1903,1 1884,8 1868,0 1852,6 1838,5
Cumulated headloss [m] 2,7 3,0 3,3 3,6 4,0 4,4 4,8 5,3 5,7 6,2 6,8 7,4 8,0
Generated power [KW] 1105599 1104484 1103276 1101974 1100573 1099072 1097467 1095757 1093937 1092005 1089960 1087797 1085515
Pumping power [kW] 1125805 1126921 1128128 1129431 1130831 1132332 1133937 1135648 1137468 1139399 1141445 1143608 1145890
Efficiency for generation 92,2 % 92,1 % 92,0 % 91,9 % 91,7 % 91,6 % 91,5 % 91,3 % 91,2 % 91,0 % 90,9 % 90,7 % 90,5 %
Difference of production [kW] 20206 22437 24852 27457 30258 33260 36470 39891 43531 47394 51485 55811 60375
ratio cost/diff 0,106 0,093 0,083 0,074 0,066 0,059 0,053 0,048 0,044 0,040 0,036 0,033 0,030
Total Construction Cost [M NOK] 2361,811 2314,127 2271,201 2232,334 2196,953 2164,584 2134,832 2107,365 2081,901 2058,200 2036,058 2015,297 1995,763
Marginal construction cost [M NOK] 47,684 42,926 38,867 35,381 32,369 29,752 27,467 25,464 23,700 22,142 20,761 19,534
EEKV generation 0,738 0,738 0,737 0,736 0,735 0,734 0,733 0,732 0,730 0,729 0,728 0,726 0,725
EEKV pumping 0,751 0,752 0,753 0,753 0,754 0,755 0,756 0,758 0,759 0,760 0,761 0,763 0,764
Energy loss kwh/m3 per transfer 0,007 0,00749 0,00830 0,009 0,010 0,011 0,012 0,013 0,015 0,016 0,017 0,019 0,020
Annual Cost due to head loss [M NOK] 323,777 359,522 398,220 439,963 484,844 532,952 584,378 639,207 697,529 759,427 824,987 894,292 967,425
Cost of Marginal energy loss [M NOK] 35,745 38,698 41,744 44,881 48,109 51,425 54,830 58,321 61,898 65,560 69,305 73,133
Optimization 
Alternative 1-Bogna The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G1-1
3,3 3,4 3,5 3,6 3,7 3,8 3,9 4 4,1 4,2 4,3 4,4 4,5 4,6 4,7 4,8 4,9
1825,6 1813,7 1802,8 1792,8 1783,5 1775,1 1767,4 1760,3 1753,8 1748,0 1742,6 1737,9 1733,6 1729,7 1726,4 1723,5 1721,0
8,6 9,3 10,0 10,7 11,5 12,3 13,1 14,0 14,9 15,8 16,8 17,9 18,9 20,0 21,2 22,4 23,6
1083111 1080582 1077927 1075141 1072224 1069173 1065984 1062657 1059188 1055575 1051815 1047907 1043849 1039637 1035269 1030744 1026059
1148294 1150822 1153478 1156263 1159180 1162232 1165420 1168748 1172217 1175830 1179589 1183497 1187556 1191768 1196135 1200660 1205345
90,3 % 90,1 % 89,9 % 89,6 % 89,4 % 89,1 % 88,9 % 88,6 % 88,3 % 88,0 % 87,7 % 87,3 % 87,0 % 86,7 % 86,3 % 85,9 % 85,5 %
65183 70240 75551 81122 86956 93059 99436 106091 113029 120255 127774 135590 143707 152131 160866 169916 179286
0,028 0,026 0,024 0,022 0,021 0,019 0,018 0,017 0,016 0,015 0,014 0,013 0,012 0,011 0,011 0,010 0,010
1977,323 1959,859 1943,269 1927,461 1912,356 1897,882 1883,973 1870,574 1857,633 1845,102 1832,941 1821,110 1809,576 1798,306 1787,271 1776,445 1765,804
18,440 17,464 16,590 15,807 15,105 14,475 13,908 13,399 12,941 12,530 12,161 11,831 11,535 11,270 11,035 10,826 10,641
0,723 0,722 0,720 0,718 0,716 0,714 0,712 0,710 0,707 0,705 0,702 0,700 0,697 0,694 0,691 0,688 0,685
0,766 0,768 0,770 0,771 0,773 0,775 0,778 0,780 0,782 0,784 0,787 0,790 0,792 0,795 0,798 0,801 0,804
0,022 0,023 0,025 0,027 0,029 0,031 0,033 0,035 0,038 0,040 0,043 0,045 0,048 0,051 0,054 0,057 0,060
1044,469 1125,504 1210,610 1299,867 1393,353 1491,147 1593,325 1699,965 1811,142 1926,932 2047,409 2172,648 2302,721 2437,702 2577,664 2722,678 2872,816
77,044 81,035 85,106 89,257 93,486 97,794 102,179 106,640 111,177 115,790 120,477 125,238 130,073 134,981 139,962 145,014 150,138
Optimization 
Alternative 1-Bogna The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G1-2
5 5,1 5,2 5,3 5,4 5,5 5,6 5,7 5,8 5,9 6 6,1 6,2 6,3 6,4 6,5 6,6
1718,9 1717,2 1715,9 1714,9 1714,4 1714,2 1714,3 1714,8 1715,7 1716,9 1718,5 1720,5 1722,7 1725,4 1728,4 1731,8 1735,5
24,9 26,2 27,6 29,0 30,4 31,9 33,5 35,1 36,7 38,4 40,1 41,9 43,8 45,6 47,6 49,6 51,6
1021212 1016201 1011024 1005677 1000160 994470 988605 982562 976341 969938 963351 956579 949620 942470 935130 927595 919865
1210192 1215203 1220381 1225727 1231244 1236935 1242800 1248842 1255064 1261467 1268053 1274825 1281785 1288934 1296275 1303809 1311540
85,1 % 84,7 % 84,3 % 83,8 % 83,4 % 82,9 % 82,4 % 81,9 % 81,4 % 80,8 % 80,3 % 79,7 % 79,2 % 78,6 % 77,9 % 77,3 % 76,7 %
188979 199002 209357 220050 231084 242465 254195 266280 278723 291529 304702 318246 332165 346464 361145 376214 391675
0,009 0,009 0,008 0,008 0,007 0,007 0,007 0,006 0,006 0,006 0,006 0,005 0,005 0,005 0,005 0,005 0,004
1755,325 1744,987 1734,771 1724,659 1714,635 1704,683 1694,789 1684,940 1675,122 1665,325 1655,537 1645,748 1635,948 1626,128 1616,280 1606,394 1596,465
10,479 10,338 10,216 10,112 10,024 9,952 9,894 9,849 9,817 9,797 9,788 9,789 9,800 9,820 9,849 9,885 9,930
0,682 0,679 0,675 0,672 0,668 0,664 0,660 0,656 0,652 0,648 0,643 0,639 0,634 0,629 0,624 0,619 0,614
0,807 0,811 0,814 0,818 0,821 0,825 0,829 0,833 0,837 0,842 0,846 0,851 0,855 0,860 0,865 0,870 0,875
0,063 0,066 0,070 0,073 0,077 0,081 0,085 0,089 0,093 0,097 0,102 0,106 0,111 0,116 0,121 0,126 0,131
3028,148 3188,746 3354,678 3526,015 3702,826 3885,179 4073,142 4266,784 4466,171 4671,371 4882,450 5099,475 5322,511 5551,625 5786,880 6028,342 6276,076
155,332 160,597 165,932 171,337 176,811 182,353 187,963 193,642 199,387 205,200 211,079 217,025 223,036 229,113 235,255 241,462 247,734
Optimization 
Alternative 1-Bogna The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G1-3
6,7 6,8 6,9 7 7,1 7,2 7,3 7,4 7,5 7,6 7,7 7,8 7,9 8
1739,7 1744,2 1749,2 1754,5 1760,3 1766,5 1773,2 1780,4 1788,1 1796,3 1805,1 1814,4 1824,4 1835,0
53,7 55,8 58,0 60,3 62,6 64,9 67,3 69,8 72,3 74,9 77,6 80,3 83,0 85,8
911937 903809 895480 886947 878208 869262 860107 850740 841159 831364 821351 811119 800666 789990
1319468 1327595 1335924 1344457 1353196 1362142 1371298 1380665 1390245 1400041 1410054 1420286 1430738 1441414
76,0 % 75,3 % 74,6 % 73,9 % 73,2 % 72,5 % 71,7 % 70,9 % 70,1 % 69,3 % 68,5 % 67,6 % 66,7 % 65,9 %
407531 423786 440445 457510 474987 492880 511191 529925 549086 568677 588703 609167 630073 651424
0,004 0,004 0,004 0,004 0,004 0,004 0,003 0,003 0,003 0,003 0,003 0,003 0,003 0,003
1586,483 1576,444 1566,340 1556,165 1545,916 1535,585 1525,170 1514,665 1504,069 1493,377 1482,589 1471,703 1460,720 1449,639
9,981 10,040 10,104 10,174 10,250 10,330 10,415 10,504 10,597 10,691 10,788 10,886 10,984 11,080
0,609 0,604 0,598 0,592 0,586 0,580 0,574 0,568 0,562 0,555 0,548 0,542 0,535 0,528
0,880 0,886 0,891 0,897 0,903 0,909 0,915 0,921 0,928 0,934 0,941 0,948 0,955 0,962
0,136 0,141 0,147 0,153 0,159 0,165 0,171 0,177 0,183 0,190 0,197 0,203 0,210 0,217
6530,146 6790,614 7057,546 7331,004 7611,051 7897,750 8191,162 8491,351 8798,378 9112,303 9433,189 9761,097 10096,086 10438,218
254,069 260,469 266,932 273,458 280,047 286,699 293,413 300,189 307,026 313,926 320,886 327,907 334,989 342,132
Optimization 
Alternative 1-Bogna The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G1-4
Velocity tunnel [m/s] 2 2,1 2,2 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3 3,1 3,2
Cost NOK/kW 1857,0 1832,5 1810,4 1790,4 1772,3 1755,7 1740,6 1726,7 1713,9 1702,1 1691,2 1681,1 1671,7
Cumulated headloss [m] 1,9 2,0 2,2 2,4 2,7 2,9 3,2 3,5 3,8 4,1 4,4 4,8 5,1
Generated [kW] 1110303 1109841 1109341 1108802 1108222 1107600 1106936 1106227 1105474 1104674 1103827 1102932 1101987
Pumping power [kW] 1122751 1123442 1124190 1124997 1125864 1126794 1127788 1128848 1129975 1131172 1132439 1133779 1135192
Efficiency for generation 92,4 % 92,4 % 92,3 % 92,2 % 92,2 % 92,1 % 92,0 % 91,9 % 91,8 % 91,7 % 91,6 % 91,5 % 91,4 %
Difference of production [kW] 12448 13601 14849 16195 17642 19194 20852 22621 24501 26498 28612 30847 33206
ratio cost/diff 0,149 0,135 0,122 0,111 0,100 0,091 0,083 0,076 0,070 0,064 0,059 0,054 0,050
Total cost [M NOK] 2061,805 2033,763 2008,364 1985,238 1964,083 1944,645 1926,711 1910,101 1894,661 1880,260 1866,785 1854,138 1842,232
Marginal construction cost [M NOK] 28,042 25,400 23,125 21,155 19,438 17,934 16,610 15,440 14,401 13,475 12,647 11,905
EEKV generation 0,740 0,740 0,739 0,739 0,738 0,738 0,737 0,736 0,735 0,735 0,734 0,733 0,732
EEKV pumping 0,749 0,749 0,750 0,751 0,751 0,752 0,752 0,753 0,754 0,755 0,755 0,756 0,757
Energy loss kwh/m3 per transfer 0,005 0,00517 0,00567 0,006 0,007 0,007 0,008 0,009 0,010 0,010 0,011 0,012 0,013
Annual Cost due to headloss [M NOK] 225,886 248,029 272,001 297,860 325,662 355,464 387,321 421,286 457,415 495,759 536,371 579,304 624,608
Cost of Marginal energy loss [M NOK] 22,143 23,972 25,859 27,802 29,802 31,856 33,966 36,128 38,344 40,613 42,933 45,304
Optimization 
Alternative 2-Bogna The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G2-1
3,3 3,4 3,5 3,6 3,7 3,8 3,9 4 4,1 4,2 4,3 4,4 4,5 4,6 4,7 4,8 4,9
1663,0 1655,0 1647,4 1640,4 1633,9 1627,8 1622,1 1616,7 1611,8 1607,1 1602,8 1598,8 1595,0 1591,5 1588,3 1585,3 1582,5
5,5 5,9 6,4 6,8 7,3 7,8 8,3 8,9 9,4 10,0 10,6 11,3 11,9 12,6 13,3 14,1 14,8
1100991 1099944 1098845 1097692 1096484 1095220 1093900 1092522 1091086 1089590 1088034 1086415 1084735 1082991 1081183 1079309 1077369
1136682 1138248 1139893 1141618 1143425 1145316 1147291 1149352 1151501 1153740 1156068 1158489 1161003 1163613 1166318 1169121 1172023
91,3 % 91,1 % 91,0 % 90,8 % 90,7 % 90,5 % 90,4 % 90,2 % 90,0 % 89,8 % 89,6 % 89,4 % 89,2 % 89,0 % 88,8 % 88,5 % 88,3 %
35690 38304 41048 43927 46942 50095 53391 56830 60415 64149 68035 72074 76269 80622 85135 89812 94654
0,047 0,043 0,040 0,037 0,035 0,032 0,030 0,028 0,027 0,025 0,024 0,022 0,021 0,020 0,019 0,018 0,017
1830,994 1820,357 1810,263 1800,660 1791,504 1782,753 1774,370 1766,322 1758,580 1751,117 1743,909 1736,934 1730,171 1723,603 1717,212 1710,984 1704,903
11,238 10,637 10,094 9,602 9,156 8,751 8,383 8,048 7,742 7,463 7,208 6,975 6,763 6,568 6,391 6,229 6,081
0,731 0,730 0,729 0,728 0,726 0,725 0,724 0,723 0,721 0,720 0,718 0,716 0,715 0,713 0,711 0,709 0,707
0,758 0,759 0,760 0,762 0,763 0,764 0,765 0,767 0,768 0,770 0,771 0,773 0,775 0,776 0,778 0,780 0,782
0,014 0,015 0,016 0,017 0,019 0,020 0,021 0,022 0,024 0,025 0,027 0,029 0,030 0,032 0,034 0,036 0,038
672,334 722,533 775,254 830,546 888,458 949,039 1012,336 1078,396 1147,267 1218,996 1293,628 1371,210 1451,786 1535,404 1622,106 1711,938 1804,944
47,726 50,199 52,721 55,292 57,912 60,581 63,297 66,060 68,871 71,729 74,632 77,582 80,577 83,617 86,702 89,832 93,006
Optimization 
Alternative 2-Bogna The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G2-2
5 5,1 5,2 5,3 5,4 5,5 5,6 5,7 5,8 5,9 6 6,1 6,2 6,3 6,4 6,5 6,6
1579,9 1577,5 1575,3 1573,4 1571,6 1569,9 1568,5 1567,2 1566,1 1565,1 1564,3 1563,6 1563,1 1562,7 1562,5 1562,4 1562,5
15,6 16,4 17,3 18,2 19,1 20,0 21,0 21,9 23,0 24,0 25,1 26,2 27,3 28,5 29,7 30,9 32,2
1075362 1073288 1071144 1068930 1066646 1064290 1061861 1059359 1056783 1054132 1051405 1048601 1045720 1042759 1039720 1036600 1033400
1175026 1178130 1181338 1184650 1188067 1191592 1195226 1198969 1202823 1206789 1210869 1215064 1219376 1223804 1228352 1233019 1237808
88,1 % 87,8 % 87,5 % 87,3 % 87,0 % 86,7 % 86,4 % 86,1 % 85,7 % 85,4 % 85,1 % 84,7 % 84,4 % 84,0 % 83,6 % 83,2 % 82,8 %
99663 104843 110194 115719 121422 127302 133364 139609 146039 152657 159464 166463 173656 181045 188632 196419 204408
0,016 0,015 0,014 0,014 0,013 0,012 0,012 0,011 0,011 0,010 0,010 0,009 0,009 0,009 0,008 0,008 0,008
1698,958 1693,135 1687,425 1681,817 1676,301 1670,869 1665,513 1660,224 1654,997 1649,824 1644,700 1639,619 1634,576 1629,566 1624,585 1619,628 1614,692
5,945 5,822 5,710 5,608 5,516 5,432 5,356 5,288 5,227 5,173 5,124 5,081 5,043 5,010 4,981 4,957 4,936
0,705 0,703 0,701 0,699 0,697 0,694 0,692 0,689 0,687 0,684 0,681 0,679 0,676 0,673 0,670 0,667 0,663
0,784 0,786 0,788 0,790 0,793 0,795 0,797 0,800 0,802 0,805 0,808 0,811 0,814 0,816 0,820 0,823 0,826
0,040 0,042 0,044 0,046 0,048 0,051 0,053 0,056 0,058 0,061 0,064 0,066 0,069 0,072 0,075 0,078 0,082
1901,168 2000,654 2103,444 2209,583 2319,112 2432,075 2548,513 2668,468 2791,983 2919,099 3049,856 3184,297 3322,462 3464,391 3610,125 3759,705 3913,169
96,224 99,486 102,791 106,138 109,529 112,963 116,438 119,956 123,515 127,116 130,758 134,441 138,165 141,929 145,734 149,579 153,464
Optimization 
Alternative 2-Bogna The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G2-3
6,7 6,8 6,9 7 7,1 7,2 7,3 7,4 7,5 7,6 7,7 7,8 7,9 8
1562,7 1563,1 1563,5 1564,2 1564,9 1565,9 1566,9 1568,1 1569,5 1571,0 1572,7 1574,6 1576,6 1578,8
33,5 34,8 36,2 37,5 39,0 40,4 41,9 43,5 45,0 46,6 48,3 49,9 51,6 53,4
1030117 1026752 1023303 1019770 1016152 1012448 1008657 1004778 1000812 996756 992610 988373 984045 979625
1242719 1247754 1252914 1258200 1263613 1269155 1274826 1280629 1286564 1292632 1298835 1305173 1311648 1318262
82,4 % 82,0 % 81,6 % 81,1 % 80,7 % 80,2 % 79,7 % 79,3 % 78,8 % 78,3 % 77,7 % 77,2 % 76,7 % 76,1 %
212602 221002 229611 238430 247461 256707 266169 275850 285752 295876 306225 316800 327603 338637
0,007 0,007 0,007 0,007 0,006 0,006 0,006 0,006 0,005 0,005 0,005 0,005 0,005 0,005
1609,774 1604,870 1599,978 1595,096 1590,222 1585,354 1580,491 1575,633 1570,779 1565,931 1561,089 1556,257 1551,436 1546,633
4,918 4,904 4,892 4,882 4,874 4,868 4,863 4,858 4,854 4,848 4,842 4,833 4,820 4,803
0,660 0,657 0,653 0,650 0,646 0,643 0,639 0,635 0,631 0,627 0,623 0,618 0,614 0,610
0,829 0,832 0,836 0,839 0,843 0,847 0,851 0,854 0,858 0,862 0,867 0,871 0,875 0,880
0,085 0,088 0,092 0,095 0,099 0,102 0,106 0,110 0,114 0,118 0,122 0,127 0,131 0,135
4070,558 4231,911 4397,267 4566,667 4740,148 4917,750 5099,511 5285,470 5475,664 5670,132 5868,912 6072,041 6279,558 6491,499
157,389 161,353 165,357 169,400 173,481 177,602 181,761 185,958 190,194 194,468 198,780 203,129 207,517 211,941
Optimization 
Alternative 2-Bogna The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G2-4
Velocity tunnel [m/s] 1 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9 2 2,1 2,2
Cost NOK/kW 3447,1 3288,8 3161,1 3056,3 2968,9 2895,0 2831,9 2777,4 2730,0 2688,6 2652,0 2619,6 2590,7
Cumulated headloss [m] 1,2 1,3 1,4 1,6 1,7 1,9 2,1 2,4 2,6 2,9 3,2 3,5 3,9
Generated headloss 433722 433569 433390 433185 432952 432689 432395 432069 431710 431315 430884 430416 429910
Pumping power 437151 437305 437483 437689 437922 438185 438479 438805 439164 439559 439989 440457 440964
Efficiency for generation 92,6 % 92,6 % 92,6 % 92,5 % 92,5 % 92,4 % 92,4 % 92,3 % 92,2 % 92,1 % 92,0 % 91,9 % 91,8 %
Difference of production [kW] 3429 3736 4093 4504 4970 5496 6084 6736 7455 8244 9105 10041 11054
ratio cost/diff 1,005 0,880 0,772 0,679 0,597 0,527 0,465 0,412 0,366 0,326 0,291 0,261 0,234
Total cost [M NOK] 1495,084 1425,916 1370,009 1323,947 1285,377 1252,628 1224,481 1200,029 1178,584 1159,614 1142,700 1127,513 1113,786
Marginal construction cost [M NOK] 69,167 55,907 46,062 38,570 32,749 28,147 24,452 21,445 18,971 16,913 15,187 13,727
EEKV generation 0,767 0,767 0,767 0,766 0,766 0,766 0,765 0,764 0,764 0,763 0,762 0,762 0,761
EEKV pumping 0,773 0,774 0,774 0,774 0,775 0,775 0,776 0,776 0,777 0,778 0,778 0,779 0,780
Energy loss kwh/m3 per transfer 0,003 0,00330 0,00362 0,004 0,004 0,005 0,005 0,006 0,007 0,0073 0,008 0,009 0,010
Annual Cost due to headloss [M NOK] 72,790 79,308 86,892 95,607 105,514 116,674 129,146 142,987 158,254 175,002 193,286 213,158 234,673
Cost of Marginal energy loss [M NOK] 6,518 7,585 8,715 9,907 11,160 12,472 13,841 15,267 16,748 18,284 19,873 21,514
Optimization 
Parallel project to 
Slind and Julskaret The Potential for Pumped Storage Hydropower Development in Mid-Norway
Bruno Capon Thesis, M.Sc. Hydropower development, NTNU (2010-2012) Appendix-G3-1
2,3 2,4 2,5 2,6 2,7 2,8 2,9 3 3,1 3,2 3,3 3,4 3,5 3,6 3,7 3,8 3,9
2565,0 2541,8 2521,1 2502,3 2485,4 2470,1 2456,3 2443,7 2432,4 2422,2 2412,9 2404,6 2397,1 2390,4 2384,5 2379,2 2374,6
4,2 4,7 5,1 5,6 6,1 6,6 7,2 7,8 8,4 9,1 9,8 10,5 11,3 12,1 13,0 13,9 14,8
429363 428775 428145 427472 426754 425990 425180 424321 423414 422456 421447 420386 419272 418103 416879 415598 414260
441511 442098 442728 443402 444120 444883 445694 446552 447460 448417 449426 450487 451602 452771 453995 455275 456613
91,7 % 91,6 % 91,4 % 91,3 % 91,1 % 91,0 % 90,8 % 90,6 % 90,4 % 90,2 % 90,0 % 89,8 % 89,5 % 89,3 % 89,0 % 88,8 % 88,5 %
12148 13323 14583 15930 17366 18893 20514 22231 24046 25961 27979 30101 32330 34667 37116 39677 42353
0,211 0,191 0,173 0,157 0,143 0,131 0,120 0,110 0,101 0,093 0,086 0,080 0,074 0,069 0,064 0,060 0,056
1101,302 1089,882 1079,380 1069,673 1060,657 1052,243 1044,357 1036,934 1029,918 1023,262 1016,922 1010,861 1005,047 999,450 994,046 988,811 983,723
12,484 11,419 10,502 9,707 9,016 8,414 7,886 7,423 7,016 6,657 6,340 6,061 5,814 5,596 5,404 5,235 5,087
0,760 0,759 0,758 0,756 0,755 0,754 0,752 0,751 0,749 0,747 0,746 0,744 0,742 0,740 0,738 0,735 0,733
0,781 0,782 0,783 0,785 0,786 0,787 0,789 0,790 0,792 0,793 0,795 0,797 0,799 0,801 0,803 0,806 0,808
0,011 0,012 0,013 0,014 0,015 0,017 0,018 0,020 0,021 0,023 0,025 0,027 0,029 0,031 0,033 0,035 0,037
257,880 282,832 309,578 338,169 368,652 401,076 435,488 471,937 510,468 551,127 593,960 639,012 686,327 735,950 787,924 842,294 899,100
23,208 24,952 26,746 28,590 30,483 32,424 34,413 36,448 38,531 40,659 42,833 45,052 47,315 49,623 51,974 54,369 56,807
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4 4,1 4,2 4,3 4,4 4,5 4,6 4,7 4,8 4,9 5 5,1 5,2 5,3 5,4 5,5 5,6
2370,7 2367,3 2364,5 2362,2 2360,4 2359,2 2358,4 2358,1 2358,2 2358,9 2359,9 2361,5 2363,4 2365,8 2368,6 2371,9 2375,6
15,8 16,8 17,8 18,9 20,1 21,3 22,5 23,8 25,1 26,5 27,9 29,4 30,9 32,5 34,1 35,7 37,5
412864 411408 409892 408315 406675 404971 403204 401371 399472 397506 395472 393369 391197 388953 386638 384250 381789
458010 459465 460982 462559 464199 465902 467670 469503 471401 473367 475401 477504 479677 481921 484236 486624 489085
88,2 % 87,9 % 87,5 % 87,2 % 86,9 % 86,5 % 86,1 % 85,7 % 85,3 % 84,9 % 84,5 % 84,0 % 83,6 % 83,1 % 82,6 % 82,1 % 81,5 %
45146 48057 51090 54245 57525 60931 64466 68131 71929 75861 79929 84135 88480 92968 97598 102374 107296
0,053 0,049 0,046 0,044 0,041 0,039 0,037 0,035 0,033 0,031 0,030 0,028 0,027 0,025 0,024 0,023 0,022
978,766 973,922 969,175 964,512 959,921 955,390 950,908 946,466 942,054 937,665 933,291 928,924 924,558 920,186 915,804 911,404 906,983
4,957 4,844 4,747 4,663 4,591 4,531 4,482 4,442 4,412 4,389 4,374 4,367 4,366 4,371 4,383 4,399 4,421
0,730 0,728 0,725 0,722 0,720 0,717 0,713 0,710 0,707 0,703 0,700 0,696 0,692 0,688 0,684 0,680 0,675
0,810 0,813 0,816 0,818 0,821 0,824 0,827 0,831 0,834 0,838 0,841 0,845 0,849 0,853 0,857 0,861 0,865
0,040 0,043 0,045 0,048 0,051 0,054 0,057 0,060 0,064 0,067 0,071 0,074 0,078 0,082 0,086 0,091 0,095
958,388 1020,197 1084,572 1151,552 1221,179 1293,494 1368,538 1446,351 1526,972 1610,443 1696,801 1786,086 1878,337 1973,593 2071,893 2173,273 2277,773
59,287 61,810 64,374 66,980 69,627 72,315 75,044 77,813 80,622 83,470 86,358 89,285 92,251 95,256 98,299 101,380 104,500
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5,7 5,8 5,9 6 6,1 6,2 6,3 6,4 6,5 6,6 6,7 6,8 6,9 7
2379,8 2384,4 2389,4 2394,9 2400,9 2407,4 2414,4 2421,8 2429,8 2438,3 2447,4 2457,0 2467,3 2478,1
39,2 41,0 42,9 44,9 46,8 48,9 51,0 53,1 55,3 57,6 59,9 62,3 64,7 67,2
379253 376642 373955 371191 368350 365429 362429 359348 356187 352943 349616 346205 342710 339129
491621 494231 496918 499682 502524 505445 508445 511525 514687 517931 521258 524669 528164 531745
81,0 % 80,4 % 79,9 % 79,3 % 78,7 % 78,0 % 77,4 % 76,7 % 76,1 % 75,4 % 74,7 % 73,9 % 73,2 % 72,4 %
112367 117589 122963 128491 134175 140016 146016 152177 158500 164988 171642 178463 185454 192616
0,021 0,020 0,019 0,019 0,018 0,017 0,017 0,016 0,015 0,015 0,014 0,014 0,013 0,013
902,534 898,055 893,539 888,983 884,382 879,734 875,034 870,278 865,464 860,588 855,647 850,637 845,557 840,402
4,448 4,480 4,516 4,556 4,600 4,648 4,700 4,755 4,814 4,876 4,941 5,009 5,081 5,155
0,671 0,666 0,662 0,657 0,652 0,647 0,641 0,636 0,630 0,624 0,619 0,613 0,606 0,600
0,870 0,874 0,879 0,884 0,889 0,894 0,900 0,905 0,911 0,916 0,922 0,928 0,934 0,941
0,099 0,104 0,109 0,114 0,119 0,124 0,129 0,135 0,140 0,146 0,152 0,158 0,164 0,170
2385,429 2496,280 2610,362 2727,713 2848,370 2972,369 3099,746 3230,538 3364,781 3502,510 3643,762 3788,571 3936,974 4089,005
107,656 110,851 114,082 117,351 120,657 123,999 127,377 130,792 134,243 137,729 141,252 144,810 148,403 152,031
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Name lake connection
Max Head 
[m] EEKV
Max usable Volume 
[m3]
Max production 
[GWh] Tunnel length
capacity at 5 
cm/h [MW]
price at 5 cm/h 
[kr/kW]
total cost at 5 
cm/h [M kr]
capacity at 10 
cm/h [MW]
price at 10 
cm/h [kr/kW]
total cost at 10 
cm/h [M kr]
increase in 
cost
Project1 Namsvatn‐Tunnsjø 101 0,22 440000000 97,22 19,8 361 4001 1446 723 3399 2457 69,9 %
Project2 Huddingsvatnet‐ Raentsere 83 0,18 23650000 4,28 4,53 43 5535 237 86 4125 353 49,0 %
Project3 Raentsere‐Stor blasjön 118 0,26 23650000 6,08 10,6 61 4043 1375 122 3453 2348 70,8 %
Project4 Limingen‐Tunnsjø 65 0,14 490000000 69,50 2,83 399 2424 968 799 2069 1652 70,7 %
Project5 Limingen‐Frostviken 115 0,25 440000000 110,02 5,59 704 2021 1334 1408 1680 2218 66,3 %
Project6 HAVDALSVATNET‐Tunsjø 104 0,23 35650000 8,05 1,8 81 3365 271 161 2546 410 51,3 %
Project7 Ingelsvatnet‐Tunnsjø 139 0,30 35650000 10,80 4,16 122 3401 416 245 2589 634 52,2 %
Project8
Stortissvatnet + Litltissvatnet‐
Laksjøen 109 0,24 34350000 8,16 7,12 82 4539 370 163 3386 553 49,2 %
Project9 Sandsjøen‐Kvejøen 95 0,21 75050000 15,54 5,1 155 3360 502 311 2634 787 56,8 %
Project10 Sørungen‐Slindvatn 110 0,24 37000000 8,87 1 68 3265 221 136 2497 339 53,0 %
Project11a Samsjøen‐Selbusjøen 332 0,72 11300000 8,17 17,7 212 2825 600 425 2178 925 54,1 %
Project11b Holtsjøen‐Selbusjøen 389 0,85 7000000 5,94 15,9 297 2262 671 594 1767 1049 56,3 %
Project12 Sørungen ‐ Selbusjøen 304 0,66 65000000 43,08 6,5 187 2450 459 375 1862 697 52,0 %
Project13 Østrugen‐Stor Bellingsjø 519 1,13 4000000 4,52 17,37 57 5517 312 113 3740 423 35,6 %
Project14 Storslindvatn‐Selbusjoen 204 0,45 37000000 16,47 5,1 80 3798 305 161 2859 460 50,6 %
Project15 Nesjø‐Selbusjøen 574 1,25 348000000 435,46 47,7 1700 1842 3132 3400 1577 5362 71,2 %
Project16 Ramsjøen‐ Finkoihøgda‐Gamme 269 0,59 5700000 3,34 11,4 123 3537 434 245 2601 638 47,0 %
Project17 Gammel‐Nesjø 229 0,50 5700000 2,85 11 678 1962 1331 1357 1604 2176 63,5 %
Project18 Sylsjoen‐Nesjø 145 0,32 187000000 59,11 5,1 148 3267 483 296 2498 738 52,9 %
Project19 Nesjø‐Stuesjøen 130 0,28 50000000 14,17 5,92 385 2358 908 770 1900 1463 61,2 %
Project20 Riasten‐Stuesjøen 206 0,45 25400000 11,41 7,47 114 3462 395 228 2644 603 52,7 %
Project21 Langen‐Stuesjoen 174 0,38 19450000 7,38 5,9 74 4176 308 148 3106 458 48,7 %
Project22 Fjellsjoen‐Rien 205 0,45 5250000 2,35 4,53 23 7646 179 47 5125 240 34,0 %
Project23 Fjellsjoen‐Riasten 148 0,32 5250000 1,69 6,1 17 10407 176 34 6811 231 30,9 %
Project24 Fjellsjoen‐Aursunden 263 0,57 5250000 3,01 9,84 30 7432 224 60 4957 298 33,4 %
Project25 Storgronningen‐Skroyvstadvatn 156 0,34 14750000 5,02 13,2 92 4614 425 184 3485 642 51,0 %
Project26 Almasgronningen‐Oyvatnet 145 0,32 18950000 5,99 4,13 60 4709 282 120 3485 418 48,0 %
Project27 Almasgronningen‐Storgroninnge 48 0,10 18950000 1,98 2,64 20 8249 164 40 5832 231 41,4 %
Project28 (Storgronningen‐Langvatnet‐Gra 151 0,33 27100000 8,92 5,75 89 3629 324 178 2801 500 54,4 %
Project29 Storgronningen‐Eidsvatnet 159 0,35 27100000 9,39 7,75 94 3721 350 188 2871 539 54,3 %
Project30 Skardvatnet‐Gransjoen 259 0,56 11900000 6,72 10,7 67 4910 330 134 3445 463 40,3 %
Project31 Skarvatnet‐gjevilvatn 223 0,49 11900000 5,79 3,85 58 4307 249 116 3073 356 42,7 %
Project32 (Vasslivatnet+sovatnet)‐rovatne 272 0,59 38681000 22,92 9,3 100 3677 358 200 2684 523 46,0 %
Vessingfoss 71 0,15 38000000 5,88 1,03 210 2521 530 421 1989 837 57,8 %
Slind 190 0,41 1815000 0,75 3,34 8 15331 115 15 9322 140 21,6 %
Rørvikfoss 45 0,10 38000000 3,73 1 13 9232 123 27 6320 168 36,9 %
Tunnsjø 65 0,14 440000000 62,64 2,86 401 2471 990 802 2091 1676 69,3 %
Bogna 294 0,64 150000000 96,13 6,41 481 1780 855 961 1417 1362 59,2 %
Sum up table for 
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